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Abstract 
 
Studies of phase transformations and sound velocities of candidate mantle minerals under 
high-pressure high-temperature conditions are essential for understanding the mineralogical 
composition and physical processes of Earth’s interior. Phase transitions in candidate deep earth 
minerals under high-pressure high-temperature conditions is one of the main causes of the 
seismically observed discontinuities that define the boundaries between major layers of the Earth. 
The changes of sound velocities, including the directional dependencies of sound velocities, 
across phase transitions are still not well constrained. This is largely due to the lack of sound 
velocity measurements at sufficiently high pressure-temperature conditions and/or using only 
polycrystalline instead of single-crystal samples.  
To address the issues mentioned above, my dissertation involves two main topics 
Firstly, I discovered a new high-pressure Pbca-P21/c phase transition of natural 
orthoenstatite (Mg,Fe)SiO3 using synchrotron single-crystal X-ray diffraction. This discovery 
contradicts with the widely accepted phase diagram of (Mg,Fe)SiO3. I performed additional in 
situ Raman spectroscopy experiments addressing both compositional and high-temperature 
effects of this phase transition, providing solid evidences for the stability of orthoenstatite (Pbca) 
under average upper-most mantle conditions, and a potential stability/metastablity field for the 
new high-pressure P21/c phase. Furthermore, I measured in-situ the sound velocities change 
across this transition by single-crystal Brillouin spectroscopy, showing a pronounced increase of 
elastic anisotropy when transforming from the low to the high pressure phase.  
Secondly, I built the first laser-heating Brillouin spectroscopy system with the capability 
of performing single-crystal sound velocity measurements with laser heating to produce 
simultaneous high pressures and temperatures on samples in a diamond anvil cell. This 
experimental setup allows us for the first time to measure sound velocities of single-crystals of 
minerals under realistic P-T conditions of the Earth’s mantle. Sound velocity measurements of 
water and polycrystalline H2O ice as well as single-crystal San Carlos olivine were made 
utilizing this system. Our result provide the first experimental constrains on the effect of high 
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temperature on the single-crystal elastic properties of olivine under high pressures. Our results 
indicate 1. Velocity gradient of olivine is far less than velocity gradient of AK135; 2. Olivine is 
the slow phase instead of fast phase at deeper than ~250km in depth; 3. Vs of olivine is almost 
constant or decreases from ~ 300km to ~410km.  Based on the above observations, we expected 
much less olivine in the upper mantle (~ 25%), and much more pyroxene (both opx and cpx) in 
order to balance the velocity and velocity gradient discrepancy. In addition, this system has been 
designed so that the scattering angle can be changed continuously to any desired angle up to near 
back scattering (~141º) via a rotational stage and a compact 532nm diode-pumped solid-state 
(DPSS) laser. This novel setup allows us to probe a wide range of wave vectors q for 
investigation of phonon dispersion for crystals with large unit cells (~hundards of nms). This 
capability is demonstrated by dispersion measurements on cubic-close-packed polystyrene 
crystals.  
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1.1 Motivation 
The Earth has evolved complex layered structures through its early differentiation and later 
dynamic convection: from top surface to the center, there are seven layers: the crust, upper 
mantle (including transition zone), lower mantle (including D’’), liquid outer and solid inner core. 
Boundaries between adjacent layers are given by seismological discontinuities, where the speeds 
of seismic waves change abruptly or “discontinuously” across those boundaries. A discontinuity 
can be a sharp, or discontinuous, velocity jump at a certain depth (1st order change), or a rapid 
increase in velocity gradients over some depth interval between adjacent layers (2nd order 
change). Although averaged global 1D models of the Earht's lower mantle and core are well 
constrained, upper mantle (including transition zone) still differ significantly between different 
models [Dziewonski and Anderson, 1981; Kennett and Engdahl,1991; Kennett et al. 1995], 
especially the magnitudes of the velocity jumps across the 410 km and 660 km discontinuity [e.g. 
Shearer and Flanagan, 1999; Houser and Williams, 2010]. With the development of new 
techniques [e.g. ambient noise, Shapiro et al. 2005; Yao and Van der Hilst. 2009; Xu and Song 
2009], wide application of joint inversion methods [e.g. Julià et al. 2000; Shen et al. 2013], as 
well as much denser seismic networks developed over the past decades (e.g. US Array in U.S), 
many small scale features of such discontinuities, which could not be resolved before, has been 
revealed.  
However, quantitative interpretations of major seismic discontinuities to the first order 
remain very controversial. From a mineral physics perspective, the observed seismic 
discontinuities can be explained by either chemical differences (e.g. core-mantle boundary at 
2890 km depth), or, by high-pressure high-temperature phase transitions (e.g., possibly the upper 
mantle-transition zone boundary at 410 km depth). The pressure and temperature conditions for 
mantle mineral phase transitions match the seismically constrained depths of discontinuities 
relatively well; however, the magnitudes of predicted and observed velocity jumps differ, 
suggesting the importance of other factors that have not yet been thoroughly considered, such 
compositional changes [Bass and Anderson, 1984; Anderson and Bass, 1986; Murakami et al., 
2008], or insufficient mixing [Stixrude and Lithgow-Bertelloni 2007; Xu et al. 2008]. In either 
case, the validity of a commonly accepted pyrolite model [Ringwood 1962] for Earth’s whole 
mantle is still largely controversial. For example, the 410 km discontinuity, which is the 
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boundary between the uppermost mantle and transition zone, coincides with the pressure of the 
olivine to wadsleyite phase transition, but the experimentally predicted velocity jump across the 
boundary (Vp: 6.4% Vs: 8.1% assuming pyrolite composition with 65% olivine) is much larger 
than all 1D seismic models (e.g. AK135 model Vp: 3.7% Vs: 4.3%) [Bass and Anderson, 1984; 
Zha et al. 1996, 1997; Kennett et al. 1995]; and the sharpness of the 410km discontinuity could 
not simply be explained by pyrolite model either [e.g. Benz and Vidale 1993; Katsura et al. 
2004]. The failure to reproduce the velocity jumps across 410 km and 660 km discontinuities 
using pyrolite model (and therefore velocity gradient in transition zone) results in the proposal of 
a chemically more enriched mantle model rock “piclogite” [Bass and Anderson, 1984]. However, 
recent sound velocity measurements using a multi-anvil press suggest the transition zone velocity 
gradient resulting from harzburgite – which is chemically much more depleted instead of 
enriched [e.g. Irifune et al. 2008]. Moreover, theoretical calculations cannot rule out either 
compositional model based on the current mineral physics data base [Matas et al. 2007].  For the 
lower mantle, two sound velocity measurements using different techniques contradict each other 
[Li et al.2009; Murakami et al. 2012], although density and equation of state measurements seem 
to support a perovskitic, instead of pyrolitic, lower mantle [Ricolleau et al. 2009].  
The uppermost mantle, the layer bounded by Mohorovičić discontinuity and 410 km 
discontinuity, is the layer closest to the outermost crust and is therefore extremely important for 
tectonic processes on Earth’s surface. It is also extraordinarily complicated, partially due to its 
seismically heterogeneous and anisotropic nature [e.g. Yuan and Romanowicz, 2010]. Although 
direct sampling of upper-most mantle is possible through xenoliths brought up by kimberlite 
pipes and alkali basalts, information acquired is largely limited by the analytical resolution of 
geochemistry, as well as the restricted and thus, possibly biased spatial sampling [e.g. Van 
Keken et al., 2002; Liu et al. 2010]. A majority of the upper mantle is beyond the reach of direct 
exploration, thus, indirect methods (e.g., seismic tomography, magnetoturllic inversion, 
geodynamic modeling etc.) are essential for inferring the structure, composition and dynamics 
within the upper mantle [Grand et al. 1997; Kelbert et al. 2009; Leng and Gurnis et al. 2012].  
However, the exact physical mechanisms for the above mentioned indirectly measured/modeled 
results are highly non-unique.  For example, separation of compositional effects from high-
temperature effects on seismic wave speeds is still challenging [e.g. Schutt and Lesher, 2006]. 
The case of reduced velocities with high attenuation is also under debate (partial melt versus 
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hydrous content) [e.g. Karato, 2013]. And more importantly, the relation between depth 
dependent seismic anisotropy and mantle flow fields is still poorly investigated. Therefore, a 
precise linkage between physical models provided by mineral physics and Earth observations 
offered by seismology is demanding. 
All of the above-mentioned discrepancies between seismic observation and different 
laboratory measurement data sets, as well as the difficulties in establishing sturdy connections 
between controlling factors (e.g. temperature, composition,, stress-state, etc.) and resulting 
observations, are largely due to the lack of enough constrains on experimental thermal elastic 
parameters. For example, for high-pressure high-temperature equation of state studies, which 
could be used for constraining Earth’s density structure, unconstrained zero-pressure bulk 
modulus and zero-pressure density could easily lead to large errors in their pressure derivatives. 
It is a significant problem, because some mantle mineral phases are actually unquenchable (e.g. 
Ca-rich perovskite in lower mantle). In addition, the limited pressure-temperature (especially 
temperature) coverage of the existing experimental data also restricts the modeling quality to a 
great extent. Application of experimental results obtained under limited pressure and temperature 
conditions require long extrapolations to realistic mantle pressure temperature conditions, which 
may yield undependable predictions in the unexplored pressure and temperature range. More of 
the experimental details are reviewed in section 1.2. 
Current laboratory experiments mainly focus on the mineralogical and petrological 
properties related to waves (both sound waves and electromagnetic waves) travelling through 
mantle rock, including: 1) The relevant phase equilibrium and phase transitions for different 
potential mantle rock compositions; 2) Thermodynamic properties; 3) Equations of state; 4) 
elasticity (sound velocity) measurement; 5) electric conductivity/resistivity measurement, 6) 
thermal conductivity, and 7) rheology (including deformation, dispersion etc.) measurement all 
on deep Earth minerals [e.g. Hirose and Fei, 2002; Hirose, 2002; Jackson et al. 2004; Speziale et 
al. 2001; Xu et al. 2004; de Koker et al., 2012; Zhag and Karato 1995; Li and Weidner 2008]. 
Among all types of laboratory investigations related to geophysical observations, density, 
rheology and thermal conductivity has more significance for geodynamic modeling, whereas 
resisitivity, sound velocity and density, can be directly used for comparison with magnetotelluric, 
seismic, or seismically derived observations. However, Earth’s density profile, which is mainly 
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derived from normal mode studies, has limited spatial resolution.  Moreover, trade-offs between 
the starting velocity models and the model parameterizations can introduce significant 
uncertainties in the final results [e.g. Kuo and Romanowicz, 2002]. The limited coverage of 
magnetotelluric stations and the intrinsically larger trade-offs for non-linear inversion limits its 
lateral and depth resolution thus greatly restricting its application [e.g. Kelbert et al. 2009]. 
Therefore, direct comparisons of experimentally measured sound velocities on Earth materials 
with observed seismic velocity structures are preferred when possible [Bass 2007]. 
Seismic anisotropy is the only measurable quantity related to mantle flow field. Recent 
developments in the detection of depth-dependent anisotropy, including both azimuthal 
anisotropy and shear wave splitting, provide the only observational constrain to date on the 3D 
flow field inside the Earth [e.g. West et al. 2009; Park and Levin, 2002; Endrun et al. 2011; 
Romanowiz and Yuan, 2012].  However, the relationship between observed seismic anisotropy 
and real flow field is far from certain. Popular mechanisms for flow induced anisotropy include 
lattice preferred orientation (LPO) of acoustically anisotropic minerals, and shape preferred 
orientation (SPO) of local structures related to melt (either partial melt or frozen melt) with 
special geometry [e.g. Zhang and Karato, 1995; Holtzman et al. 2003]. For the latter hypothesis, 
stability of such melt has been questioned, although strong dynamic shear stresses might help to 
balance its intrinsic buoyancy [Holtzman et al. 2010]. For anisotropy observed far from a strong 
shear boundary (e.g. lithosphere-asthenosphere boundary), LPO is a more plausible mechanism.  
In order to quantify the contribution from LPO of an anisotropic mineral to the overall observed 
anisotropy under a prescribed flow field, directional dependence of sound velocities of the 
mineral has to be well defined under the studied pressure temperature conditions. Unfortunately, 
a large proportion of the existing sound velocity measurements on mantle minerals have used 
homogeneous polycrystalline instead of single-crystal samples. As a result, sound velocities as 
function of crystallographic orientation are not available through such studies.  
In summary, challenges for current mineral physics studies are mainly related to 
quantifying precise linkages between mineral physics models and real seismic observations, 
including interpretations of the magnitude of major seismic discontinuities, separation of 
different contributing factors like temperature and composition, and connecting seismic 
anisotropy to flow field. To resolve these problems, the most critical data sets are single-crystal 
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sound velocity measurements of Earth materials under real earth conditions, especially across 
mantle mineral phase transitions. Unfortunately, no such experimental data sets are yet available. 
This situation is in part related to the technical difficulties of obtaining simultaneous high-
temperature and high-pressure conditions. Therefore, my dissertation is divided into two parts: 
the first part is focused on a comprehensive study of a new phase transition in orthoenstatite at 
upper mantle pressures, including a detailed examination of the anisotropy change associated 
with this transition; the second part is related to an advanced technical development for single-
crystal sound velocity measurements at simultaneously high pressure and temperature conditions.  
1.2 Experimental techniques review 
In order to reach the conditions inside the Earth, different types of high-pressure apparatuses 
have to be employed with a proper heating method for each. The most commonly used high-
pressure apparatuses are the piston cylinder apparatus, multi-anvil press, and diamond anvil cell. 
Applications of piston cylinder apparatus and multi-anvil press are largely limited in terms of the 
highest working pressures that are available on a routine basis: ~3 GPa and 30 GPa, respectively. 
Although the use of sintered diamond anvils increased the achievable pressure range of the 
multi-anvil press to near 100 GPa at room temperature [Irifune, 2002; Tange et al., 2008], this 
value decreases to ~50 GPa or even less at high temperature [Tange et al., 2009]. Non-
hydrostatic stresses within the sample chamber could be pronounced, even with use of soft 
pressure-transmitting medium (e.g. talc, pyrophyllite, etc.) around the sample. However, these 
two apparatuses allow resistance-heating assemblies to be easily integrated into the sample 
assembly unit, providing relatively homogeneous and stable high-pressure and high-temperature 
conditions simultaneously.  
The advantage of using the diamond anvil cell is its ability to provide the highest 
achievable pressures up to over 300 GPa [e.g. Kuwayama et al., 2008]. By applying a moderate 
force over the small area of the diamond culet, extremely high pressures can be attained. The 
sample chamber is formed by a hole (about half the size of the culet) in the center of a pre-
indented metal gasket (e.g. Re, stainless steel). A soft pressure-transmitting medium with small 
yield strength is sandwiched between the diamond tips and sample to avoid development of large 
deviatoric stresses across the sample. Using the diamond anvil cell for simultaneous high-
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pressure high-temperature studies is challenging. A common method is using metal resistance 
heaters [e.g. Bassett et al., 1993; Fei, 1999].  The advantage of resistance heating is its small 
temperature gradient and reliable, accurate temperature measurement through thermocouple. 
However, the working temperature is usually limited to under 1000 K. An alternative method is 
laser heating. Depending on which material people are interested in, an Nd-YAG laser with 
wavelength ~1.06 um or a CO2 laser with wave length ~10 um is employed. A Nd-YAG laser 
couples with metals and Fe-bearing materials very well, while the CO2 laser will be strongly 
absorbed by most silicates and transparent oxides [Yagi and Susaki, 1992; Fiquet et al., 1996; 
Shen et al. 2001; Li et al. 2006; Murakami et al. 2009]. With laser heating, temperatures of 
several thousand K could be obtained at high pressures.  
Accurate determination of pressure and temperature remains challenging for laser heated 
diamond anvil cell experiments. Temperature is usually obtained through fitting the thermal 
radiation spectrum between 650 and 800 nm to the Planck radiation function Eq. (1), assuming 
grey-body radiation with constant emission coefficient within the measured wavelength range.  
2
1
/5
( )
( -1c T
cI
e
λ λ
ε λ
λ= ） (1)  
where Iλ is spectral intensity, λ is wavelength, ε(λ) is emissivity, T is temperature, and 
c1=2pihc2=3.7418×10-16Wm2, c2=hc/k=0.014388 mK. System response is usually calibrated 
with a standard radiation source with known radiance (e.g. tungsten ribben lamp) [Jephcoat and 
Besedin 1996; Shen et al. 2001]. Typical uncertainty for temperature measurement is about 150K. 
Due to the poor sensitivity of regular CCD detectors in the infrared wavelength region, thermal 
emission profiles for temperatures below 1300K are difficult to obtain. The temperature gradient 
within the laser heated diamond anvil cell is in general much larger than resistance heating, 
especially for an Nd-YAG laser. Using double sided heating and/or a pi beam shaper can 
significantly reduce the temperature gradient [Shen et al., 2001; Meng et al., 2006; Prakapenka et 
al., 2008]. Ruby fluorescence has been used for pressure determination for a long time [e.g. Mao 
et al. 1986]. However, a significant thermal pressure could be generated during laser heating 
making the pressures determined at ambient temperature largely underestimated [Fiquet et al., 
1996, 1998; Dewaele et al., 1998, 2000; Andrault et al. 1998]. This problem has largely been 
solved for synchrotron X-ray diffraction experiments through direct measurement of in-situ 
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pressures on a standard material mixed with the sample. From the measured lattice parameters of 
the internal pressure standard (e.g., NaCl, Au, or Pt), pressure is obtained from the known 
pressure-volume-temperature equation of state of the standard. However, for off-line 
experiments without X-ray diffraction capability, the determination of thermal pressure remains 
problematic, although there are several studies in which the  thermal pressure was measured via 
synchrotron X-ray diffraction, and was found to be small [e.g. Errandonea et al. 2003].  The 
major difference among these studies is the pressure-transmitting medium used (rare gas versus 
alkali halide). This dissertation is focused on developing a CO2 laser-heating system for diamond 
anvil cell experiments without synchrotron X-ray capability. In this study, at least qualitative 
testing of the upper limit of thermal pressures within the sample chamber is extremely important.  
Experimentally determined sound velocities of Earth materials can be obtained through 
either light scattering or ultrasonic techniques, including Brillouin scattering, stimulated light 
scattering, inelastic X-ray scattering, nuclear resonance inelastic X-ray scattering, and GHz/MHz 
ultrasonic measurements [e.g. Bass, 1989; Sinogeikin and Bass, 1999; Chai et al. 1997; Jacobsen 
et al. 2002; Kung et al. 2004; Hu et al. 2003; Antonangeli et al. 2011]. Polycrystalline samples 
are usually used for ultrasonic sound velocity measurements with a multi-anvil press technique 
to generate pressure [Liebermann, 2011]. This dissertation is more focused on single-crystal 
sound velocities measurement, which can provide additional information about directional 
dependence of sound velocities. Therefore, I chose Brillouin spectroscopy as the tool for my 
research.  
Brillouin scattering results from the interaction between photons and acoustic phonons. 
Phonons are created or annihilated during the scattering process and is named Stokes and anti-
Stokes scattering, respectively. As a result, the scattered light will contain components with 
different frequencies than the incident light. The difference between the original (ωi) and 
inelastically scattered (ωs) frequencies is called the Brillouin shift (ωi- ωs). Brillouin shift is 
linearly proportional to acoustic velocities (v) of samples (Eq. (2) c is the speed of light, θ is the 
scattering angle), with dependence of refractive indices for the incident (ni) and scattered (ns) 
light).  
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For transparent samples, the use of forward symmetric scattering geometry could simplify Eq.(2) 
to Eq. (3), so that the velocities could be determined independent of refractive index [Whitfield 
et al., 1976]: 
*
i 0= 2sin( ) v/2sθ
θϖ ϖ ϖ λ∆ − =  (3)  
where ∆ω= ωi- ωs is Brillouin shift, λ is wave length of the incoming light and θ* is the external 
angle between the incoming and the scattered light directions outside of the sample. 
For elastically anisotropic samples, acoustic velocities vary with phonon directions. 
Velocities are related to single-crystal elastic moduli (Cijkl or Cij) through Eq. (4): 
2
j( ) 0ijkl l ik kC n n v uρ δ− =
  (4) 
where uk, ρ, δik, v, nj and nl, denote polarization direction, density, Kronecker delta, velocity and 
phonon directions, respectively. 
Knowing the specific phonon directions in which Brillouin shifts (velocities) are measured, a 
complete 4th order elastic moduli tensor Cijkl could be calculated through linear inversion of 
Christoffel equation: 
0vdet 2 =− ikljijkl nnc δρ
 (5) 
where ni are components of the wave normals, ρ is the density, v is velocity and δik is the 
Kronecker delta [Musgrave, 1970]. 
Knowledge of the elasticity tensor gives the elastic anisotropy of crystals and allows one to 
calculate the bulk and shear modulus as well as acoustic anisotropy through different averaging 
scheme [Hill, 1963; Hashin and Shtrikman, 1962]. The Voigt-Reuss-Hill averaging scheme and 
Hashin and Shtrikman averaging scheme are the two most-used averaging schemes. The Voight 
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or Reuss bond is asumming strain or stress constant, respectively; whereas the Hashin-Shtrikman 
bonds provide elastic bounds of transversally isotropic and isotropic composites. Adiabatic bulk 
(K) and shear modulus (G) govern the propagation of longitudinal and transverse elastic waves 
in a homogeneous aggregate material through the relation: 
ρ
GK S
P
)34(
v
+
=
        
ρ
G
S =v
  (6) 
where ρ is the density, Vp is longitudinal wave speed, Vs is transverse wave speed.  
 Therefore, Brillouin scattering is an efficient tool for measuring the sound velocities, 
especially for single crystals. Advantages of the Brillouin scattering method are that it is an 
optical and non-contact experiment, for which no coupling of transducers or other devices to the 
sample are needed to produce an acoustic excitation. We can apply this method to as small as 
30×30×10um transparent samples (depending on the focus of the laser), making it convenient to 
be combined with a diamond anvil to obtain high-pressure conditions up to over 130GPa [e.g. 
Murakami et al. 2007, 2012]. 
 In order to obtain structural information and to identify phase transformations of mantle 
minerals under high-pressure high-temperature conditions, the most commonly used techniques 
are X-ray diffraction and Raman spectroscopy. Single-crystal X-ray diffraction is the most 
sensitive and direct method to detect structural changes, including detailed characterization of 
atom positions and bond length in addition to lattice parameters and unit cell. The development 
of single-crystal X-ray diffraction capability combined with diamond anvil cell technique, allows 
us to probe the structural changes in real time [Dera et al. 2013]. Raman spectroscopy provides 
information about vibrational, rotational, and other low-frequency modes within structures. The 
frequencies of these modes are uniquely characteristics for each mineral; therefore, any changes 
of Raman peaks are strictly related to changes of certain structural bonds within the studied 
system [Ferraro 1975]. In situ Raman spectroscopy is a powerful tool to determine phase 
boundaries, Clapeyron slope, and calculating thermal elastic parameters [e.g. Choplas 1999]. 
 To summarize, single-crystal Brillouin spectroscopy combined with CO2 laser heating 
provides the most compete information about elastic properties of mantle minerals under real 
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Earth conditions. Single-crystal X-ray diffraction and Raman spectroscopy are powerful tools to 
study in situ phase transitions. 
1.3 Study framework and outline of this dissertation 
My dissertation involves two parts: 
Firstly, an investigation of the structural changes and acoustic response to mantle mineral phase 
transitions; specifically, measuring the in-situ sound velocities across the high pressure Pbca-
P21/c transition in natural Fe-bearing enstatite. This phase transition was discovered through 
single-crystal X-ray diffraction [Zhang et al. 2012], and the details are described in Chapter 2. 
My discovery directly contradicts the traditional phase diagram of orthoenstatite under upper 
mantle conditions. The original high-pressure phase transition in orthoenstatite system takes 
place at about 6-9 GPa, and is a strong candidate to explain the X-discontinuity at about 200-300 
km depth in Earth’s upper mantle [Pacalo and Gasparik 1990; Kanzaki 1991; Ulmer and Stadler 
2001, Angel et al. 1992; Shinmei et al. 1999; Kung et al. 2004; Akashi et al. 2009; Woodland 
1998]. However, in my experiment, no phase transition was observed until ~12 GPa, at which 
pressure our new high-pressure polymorph appeared. In order to clarify the contradictory 
observations, additional Raman spectroscopy experiments were performed to address the thermal 
and compositional effects on the phase relations in the orthoenstatite system, which are described 
in Chapter 3 and Chapter 4 [Zhang et al. 2013, 2014]. The in-situ sound velocities change across 
the Pbca-P21/c transition has been measured by single-crystal Brilouin spectroscopy, giving out 
the seismic signitures of this transition. The result is shown in Chapter 5. 
Secondly, setup of the first laser-heating Brillouin spectroscopy system with the capability of 
performing single-crystal sound velocity measurements at simultaneous high pressures and 
temperatures. Utilizing this system, we fundamentally solved the problems introduced by 
extrapolation of experimental data under limited pressure and temperature conditions, provided 
an opportunity to obtain the most complete data set about mantle material elastic properties. The 
system description and measurements of water under high-pressure high-temperature conditions 
are included in Chapter 6.  Sound velocity measurements of single-crystal San Carlos olivine 
under high pressure and temperatures are described in Chapter 7. 
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New High Pressure Phase Transition of 
Natural Orthoenstatite 
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Chapter 2 
A new high-pressure polymorph of orthoenstatite: a synchrotron 
single-crystal X-ray diffraction study  
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Abstract1 
Single-crystal X-ray structure refinements have been carried out on natural Fe-bearing 
orthoenstatite (OEN) at pressures up to 14.53 GPa. We report a new high-pressure phase 
transition from OEN to a monoclinic phase (HPCEN2) with space group P21/c, with a density 
change of ~1.9(3)%. The HPCEN2 phase is crystallographically different from low-pressure 
clinoenstatite (LPCEN), which also has P21/c symmetry. Upon release of pressure HPCEN2 
reverts to OEN, and the transition pressure is bracketed between 9.96 and 14.26 GPa at room 
temperature. We find no evidence for a C2/c phase at high pressure. The lattice constants for the 
new phase at 14.26 GPa are a=17.87(2) Å, b=8.526(9) Å, c=4.9485(10) Å, β=92.88(4) ° 
( =3.658(9) g/cm3). Refinement of the new structure indicates rotation of tetrahedral chain as 
the key characteristic of this transition. This experiment points to the possibility of OEN and 
HPCEN2 as the stable phases in Earth’s upper mantle. 
 
1This work has been submitted for publication to American Mineralogist as: Zhang, J. S., P. Dera, and J. 
D. Bass (2012), A new high-pressure phase transition in natural Fe-bearing orthoenstatite, Am. Mineral., 
97, 1070–1074. All figures, tables and data were created by Jin Zhang unless otherwise indicated.  
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2.1 Introduction 
Mg-rich Fe-bearing pyroxene with approximate composition (Mg,Fe)SiO3, is widely believed to 
be the second most abundant mineral in Earth’s upper mantle. Previous experiments suggest that 
three polymorphs of (Mg,Fe)SiO3 are potentially stable under upper mantle conditions: 
orthoenstatite (OEN) with space group  Pbca [Morimoto and Koto 1969], low-pressure 
clinoenstatite (LPCEN) with space group   P21/c [Morimoto et al. 1960], and high-pressure 
clinoenstatite (HPCEN) with space group C2/c [Angel et al. 1992]. At high temperature and 
pressure, OEN is thought to transform to HPCEN between 6-9 GPa, depending on the 
temperature [Pacalo and Gasparik 1990; Kanzaki 1991; Ulmer and Stadler 2001]. HPCEN 
cannot be quenched to ambient conditions, but transforms to LPCEN [Angel et al. 1992; Kung et 
al. 2004], which is considered to be the thermodynamically stable phase of (Mg,Fe)SiO3 at low 
pressures and T<600°C [Grover 1972]. The phase transition from HPCEN→LPCEN occurs at ~8 
GPa for MgSiO3 composition [Angel et al. 1992; Shinmei et al. 1999] and was proposed as a 
possible explanation for the X discontinuity in deeper part of the uppermost mantle [Woodland 
1998; Akashi et al. 2009; Deuss and Woodhouse 2004]. 
There are several reasons to question the stability of LPCEN and its relevance as a major 
phase in the crust and upper mantle. The geologic record gives a significant clue, in that natural 
occurrences of LPCEN are rare whereas orthopyroxene is a common rock-forming mineral in 
igneous and metamorphic environments [Anthony et al]. LPCEN forms only under special 
conditions both in the lab and natural environments, such as rapid quench from high temperature 
[Smyth 1974; Crawford 1980], under large shear stresses [Coe and Kirby1975; Frost et al. 1978], 
in the presence of fluxes or an H2O-rich environment [Grover 1972; Ulmer and Stadler 2001; 
Shiraki et al. 1980; Ito 1975; Grandin de L’Eprevier and Ito 1983], or from synthetic samples 
that contain flux impurities which may, quite possibly, stabilize the LPCEN structure [Angel et 
al. 1992; Chopelas 1999; Jacobsen et al. 2010]. Moreover, most experiments to date have been 
performed on Fe-free OEN, whereas the phase relations of natural Fe-Al-Ca-bearing OEN could 
be different [Angel et al. 1992; Chopelas 1999; Shinmei et al. 1999; Kung et al. 2004; Akashi et 
al. 2009]. The stable form of natural Mg-rich pyroxene under near-surface conditions is thus far 
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from certain. In this paper we reinvestigate the low-temperature high-pressure phase diagram of 
(Mg,Fe)SiO3, in particular the stability of LPCEN and HPCEN. 
2.2 Experimental Methods 
In-situ single-crystal X-ray diffraction (XRD) experiments were carried out at 
GeoSoilEnviroCARS (GESCARS, Sector13) experimental station 13IDD of the Advanced 
Photon Source (APS), Argonne National Laboratory (ANL), using natural single-crystal samples 
of OEN. 
Pre-oriented high-quality San Carlos OEN single crystals with chemical composition of 
(Mg1.74Fe0.16Al0.05Ca0.04Cr0.02)(Si1.94Al0.06)O6 (by EMPA analysis), and lattice parameters of 
a=18.268(9)Å, b=8.821(4)Å, c=5.197(2)Å (ρ0=3.288(4) g/cm3),  were polished into plate-like 
samples (~30 µm thickness) with two different orientations that were determined by single-
crystal X-ray diffraction.  
All high-pressure experiments were performed with a modified 3-pin Merrill-Bassett-
style cell with a 90° conical aperture which provides ±18° diffractive X-ray aperture. Rhenium or 
stainless steel metal gaskets with an initial thickness of 250 µm were pre-indented to 0.060 mm 
using 400 µm culet diamond anvils.  A 235 µm diameter hole in the gasket formed the sample 
chamber. Two plate-like samples (maximum ~40-50 µm size) with orientations of (010) and (5 -
2 2), and several ruby balls were loaded together in the diamond-anvil cell (DAC) sample 
chamber. Neon was loaded as pressure medium to minimize the differential stress using the 
GSECARS/COMPRES gas loading system [Rivers et al. 2008]. Pressure was determined from 
ruby fluorescence [Mao et al. 1986].  
A monochromatic beam with incident energy of 37 keV was focused by a pair of 
Kirkpatric-Baez mirrors to a spot size of 0.003×0.005 mm. XRD images were collected using a 
MAR165 charge coupled device (CCD) detector, placed at a sample-to-detector distance of 
approximately 200 mm. During exposures the sample was rotated about the vertical axis (ω) in 
the range of ±18°, with a typical exposure time of 0.5 seconds/degree. Diffraction images were 
collected at three different detector positions, differing by a 70 mm horizontal translation 
perpendicular to the incident beam. The detector ge
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were calibrated with CeO2 diffraction standard. In addition to the full-rotation exposures, a step-
scan with 0.5 or 1° rotation steps was performed at each pressure step, for each of the crystals.   
Diffraction images were analyzed using the GSE_ADA/RSV software package [Dera 
2007]. Because of the high incident energy and negligible sample thickness, the sample 
absorption was ignored. Peaks from exposures at the three different detector positions were 
scaled and merged together. The resulting lists of peaks with corresponding squares of structure 
factor amplitudes |F|2 and their standard deviations were used for structure solution and 
subsequent refinement. The high-pressure structure was solved by converting the Pbca structure 
model refined before the transition to the P21/c setting  (translation gleiche sub-group-super-
group relation determined with the use of Powder Cell 2.3 program) and refining the resulting 
model by means of simulated annealing approach, as implemented in the computer program 
Endeavour [Putz, et al. 1999]. The model obtained from the Endeavour refinement was then used 
as a starting point for a conventional least-squares crystal structure refinement using the 
SHELXL program [Sheldrick 2008]. Structure refinement was done using anisotropic 
displacement parameters for all atoms. 
2.3 Results 
Diffraction data collected at the first pressure point of 6.70 GPa was successfully indexed using 
the orthorhombic unit cell of the ambient-pressure orthorhombic Pbca phase. With increasing 
pressure, the Pbca structure was confirmed for both samples at 6.70, 11.04, 11.54 and 12.66 GPa. 
New diffraction peaks appeared when pressure reached 14.26±0.05 GPa, as shown in Fig. 2.1. 
Diffraction patterns collected from both crystals were consistent and showed the same effect. 
The new patterns were indexed ab initio (without any initial assumptions about the unit cell), and 
yielded a primitive monoclinic unit cell with a=17.87(2) Å, b=8.526(9) Å, c=4.9485(10) Å, 
β=92.88(4) °. Subsequent analysis of systematic absences indicated the best-fit space group to be 
P21/c. As discussed below, the unit cell of the new phase is closely related to that of the original 
OEN phase. 
Upon release of pressure to 9.96 GPa, the Pbca orthorhombic structure reappeared, and 
peaks from the P21/c structure were absent. Thus, this transition is completely reversible, with 
the transition pressure Ptr bracketed in the range 9.96 GPa and 14.26 GPa, and the high-pressure 
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P21/c phase (HPCEN2) is not quenchable. The rapidity of the transition suggests that kinetic 
barriers are small, although additional experiments will be required to narrow Ptr.  
Structural refinements of OEN agree with previous results [Hugh-Jones and Angel 1994]. 
However, the new high-pressure phase HPCEN2 could not be refined to either OEN, LPCEN, 
HPCEN, or any combination of them, even though HPCEN2 has the same space group (P21/c) as 
LPCEN [Hugh-Jones and Angel 1994; Ohashi 1984; Angel et al. 1992]. The unit cell parameter 
β=107.74(2)° for the LPCEN phase is much greater than, and easily distinguished from, that for 
HPCEN2 (β=92.88(4)°, Table 2.1). Structural refinement results for HPCEN2 show that half of 
the tetrahedra in every other tetrahedral layer change from the original O configuration to an S 
configuration across the OEN→HPCEN2 transition, accompanied by a change in the O3-O3-O3 
angle for the A-site Si-O tetrahedron from 160.71(16)° to 216.61(77)° and 148.44(79)°(Fig. 2.2 
and Table 2.2).  This leads to the formation of a novel structure with 4 symmetrically-
independent Mg/Fe sites (two originating from M1 and two from M2) and 4 Si sites, thereby 
decreasing the symmetry to P21/c. Using topological I-beam representation of the pyroxene 
structure, it is apparent that the HPCEN2 structure is topologically much closer to the parent 
orthoenstatite (OEN) structure (Fig. 2.3) than the LPCEN or HPCEN structures. The alternating 
(+) (+) (-) (-) sequence of octahedral layer stagger is a distinctive signature of the orthopyroxene 
topology. The new high pressure phase retains this character although its symmetry decreases to 
monoclinic - the O to S configuration change of tetrahedral chain is the main characteristic of 
this transition. 
The new phase has the ideal pyroxene structure #8b of Thompson and Downs (2003). 
The transition mechanism and transition pressure range is very similar to the calculated transition 
from OEN to an orthorhombic high-pressure polymorph HP-OEN2 predicted by Jahn (2008). 
The OEN→HP-OEN2 transition predicted by Jahn (2008) is also characterized by an incomplete 
O to S configuration change within the tetrahedral layers. It therefore seems possible that a 
complete O to S configuration change might occur in another higher-pressure phase transition as 
pressure increase above 15 GPa. 
The structure refinements also took into account the Fe/Mg substitution. For the Pbca 
OEN phase it shows 2.7% Fe in M1 site and 14.7% Fe in the M2 site while for the P21/c 
HPCEN2 phase the four distinct Mg sites showed different Fe percentages: 4%, 5%, 16%, and 
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12%, (Table 2.2). For high-pressure in-situ single-crystal refinement of the compositional 
substitution, considering the very small Z-number contrast between Mg and Fe, the expected 
uncertainty is around several percent, and the resulting disorder model in both phases is 
reasonable when compared with EMPA results. 
2.4 Discussion and conclusion  
The increased repulsion between the M2 site cation and A site Si seems to be a key factor that 
dominates the topology of pyroxene structures at higher pressure. Indeed, the O to S 
configuration change tends to provide a more distorted and larger site for the M2 cation, 
increasing the M2-Si(A) distance and stabilizing the structure. This process is sensitive to the 
charge and radius of the M2 site cation, making these crucial factors for the topology and 
symmetry of the high-pressure phase. The stability of different pyroxene structures should thus 
be sensitive to chemical composition, for example the presence of Fe, Al, Ca, and trace 
impurities (e.g. Mo, V, Li etc.). It is therefore plausible that the P-T phase diagram of OEN with 
just 8-10% Fe and minor levels of Al and Ca could be distinct from that of end-member MgSiO3.  
Angle-dispersive X-ray powder diffraction patterns were calculated based on structural 
refinements of OEN and HPCEN2, for comparison with HPCEN and LPCEN (Fig. 2.4). The 
significant differences in patters for these phases makes powder diffraction an effective tool for 
distinguishing the phases of (Mg, Fe)SiO3. 
Although some calculations have predicted pure MgSiO3 OEN to be metastable under 
ambient conditions [e.g., Yu and Wentzcovitch 2009; Jahn 2008], the Gibbs free energy 
differences between these two phases are very small and likely within the uncertainties of 
calculations. Moreover, Ca-poor pyroxene in the mantle likely contains ~10 mol% Fe along with 
minor Al and Ca, all of which will affect the thermodynamic properties and stability fields of the 
various possible (Mg,Fe)SiO3 structures. Calculations that account for Fe and minor elements in 
OEN will be important for understanding the high-P-T phase transitions. 
It is worth noticing that Kung et al. (2004) observed anomalous acoustic softening in an 
ultrasonic study of synthetic polycrystalline MgSiO3 over a pressure range similar to that 
covered by our study. Similarly, Lin (2003) observed a significant change in the Raman 
spectrum between 9.5-10 GPa under room- temperature conditions, and the new spectrum was 
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distinct from that observed for HPCEN with C2/c symmetry [Lin 2004]. It is entirely possible 
that the unresolved structures suggested in both of these studies were in fact the HPCEN2 
structure characterized in this study. 
Our experiments indicate that OEN is likely to be the stable phase of (Mg,Fe)SiO3 in a 
dry upper mantle. Previous high-temperature room-pressure experiments have already suggested 
the formation of OEN instead of LPCEN by slow cooling [Smyth 1974; Jackson et al. 2004], and 
here we have provided new evidence for the stability of OEN from high-pressure quenching. The 
depth at which the new OEN-HPCEN2 transition might occur in the upper mantle will depend on 
the Clapeyron slope of the transition, but our experiments suggest it as a viable candidate phase 
in the 300-400 km depth interval. Previous synthesis experiments suggest that the presence of 
shear stress and/or incorporation of hydrogen into MgSiO3 pyroxene may stabilize the LPCEN 
and HPCEN C2/c structures, with the transition between the two taking place at shallower depths 
[Ulmer and Stadler 2001; Grover 1972; Jacobsen et al. 2010; Coe and Kirby 1975; Frost et al. 
1978].  
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Figures 
Figure 2.1 Comparison of single-crystal diffraction patterns before and after the OEN-HPCEN2 
transition. 
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Figure 2.2 Polyhedral illustration of the structural change from OEN (Pbca) to HPCEN2 (P21/c). The O3-O3-O3 angle of the Pbca 
structure θA=160.71(16)° (layer 1) changed to and θA1= 148.44(79)° and θA2= 216.61(77)°; in layer 2, θB=135.44(15)° changed to 
θB1=131.94(72)° and θB2=133.13(49)° 
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Figure 2.3 I-beam topological representation for (Mg,Fe)SiO3 polymorphs: OEN (Pbca), 
HPCEN2 (P21/c), LPCEN (P21/c) and HPCEN (C2/c) 
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Figure 2.4 Calculated angle-dispersive powder diffraction patterns of OEN (Pbca), HPCEN2 
(P21/c), and comparison with experimental LPCEN (P21/c) and HPCEN (C2/c) 
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Tables 
Table 2.1 Crystal data and structure refinement for OEN and HPCEN2  
Sample OEN (P=12.66GPa) HPCEN2 (P=14.26GPa) 
Crystal system, space group Orthorhombic, Pbca Monoclinic,  P21/c 
Unit cell dimensions 
a = 17.868(8) Å 
b =   8.491(3) Å 
c =   5.0565(6) Å 
a = 17.87(2) Å 
b = 8.526(9) Å  β= 92.88(4)° 
c = 4.9485(10) Å 
Volume 767.2(4) Å3 753.2(12) Å3 
Z, Calculated density 8, 3.589(3) g/cm3 8, 3.658(9) g/cm3 
Reflections collected/ unique 760 / 254 [R(int) = 0.0613] 530 / 203 [R(int) = 0.0658] 
Data/restraints/parameters 254 / 0 / 53 203 / 0 / 85 
Goodness-of-fit on F^2 1.142 0.878 
Final R indices [I>2sigma(I)] R1 = 0.0357, wR2 = 0.0872 R1 = 0.0465, wR2 = 0.1266 
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Table 2.2 Atomic coordinates & equivalent isotropic displacement parameters (Å2) for OEN and 
HPCEN2. U(eq) is one third of the trace of the orthogonalized Uij isotropic displacement tensor. 
OEN Occupancy x y z U(eq) 
Mg1 0.973(7) 0.3762(1) 0.6585(3) 0.8537(3) 0.007(1) 
Mg2 0.853(8) 0.3780(1) 0.4790(2) 0.3482(2) 0.009(1) 
Fe1 0.027(7) 0.3762(1) 0.6585(3) 0.8537(3) 0.007(1) 
Fe2 0.147(8) 0.3780(1) 0.4790(2) 0.3482(2) 0.009(1) 
SiA  0.2706(1) 0.3446(2) 0.0331(2) 0.006(1) 
SiB  0.4726(1) 0.3382(2) 0.8052(2) 0.006(1) 
O1a  0.1818(2) 0.3404(5) 0.0201(6) 0.007(1) 
O2a  0.3086(3) 0.5120(5) 0.0287(7) 0.008(1) 
O3a  0.3045(2) 0.2247(5) -0.1868(6) 0.010(1) 
O1b  0.5630(2) 0.3383(5) 0.8114(5) 0.008(1) 
O2b  0.4333(3) 0.4886(5) 0.6826(6) 0.010(1) 
O3b  0.4444(2) 0.1890(5) 0.6169(6) 0.009(1) 
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Table 2.2 (cont.) 
HPCEN2 Occupancy x y z U(eq) 
Mg1-1 0.96(3) 0.3759(4) 0.6574(9) 0.8231(11) 0.009(3) 
Mg1-2 0.95(3) 0.1254(5) 0.3419(9) 0.3658(12) 0.008(3) 
Mg2-1 0.84(3) 0.3826(4) 0.4820(11) 0.3282(11) 0.0116(19) 
Mg2-2 0.88(3) 0.1247(4) 0.5275(8) 0.8672(11) 0.009(2) 
Fe1-1 0.04(3) 0.3759(4) 0.6574(9) 0.8231(11) 0.009(2) 
Fe1-2 0.05(3) 0.1254(5) 0.3419(9) 0.3658(12) 0.008(3) 
Fe2-1 0.16(3) 0.3826(4) 0.4820(11) 0.3282(11) 0.0116(19) 
Fe2-2 0.12(3) 0.1247(4) 0.5275(8) 0.8672(11) 0.009(2) 
SiA-1  0.2716(4) 0.3414(9) 0.0258(11) 0.0069(14) 
SiA-2  0.2271(4) 0.6572(9) 0.4422(11) 0.0092(14) 
SiB-1  0.4721(4) 0.3398(7) 0.8079(10) 0.0084(14) 
SiB-2  0.0249(5) 0.6585(7) 0.3125(11) 0.0101(14) 
O1a-1  0.1835(10) 0.3414(17) 0.0380(30) 0.006(3) 
O1a-2  0.3157(10) 0.6630(20) 0.4710(20) 0.004(3) 
O2a-1  0.3112(8) 0.5080(30) -0.0120(20) 0.005(3) 
O2a-2  0.1871(9) 0.5030(20) 0.5470(30) 0.014(3) 
O3a-1  0.3046(10) 0.2090(20) 0.8390(30) 0.010(3) 
O3a-2  0.1968(10) 0.7020(20) 0.1280(30) 0.014(3) 
O1b-1  0.5637(11) 0.3340(20) 0.8280(30) 0.010(3) 
O1b-2  0.9370(10) 0.6520(17) 0.3080(30) 0.006(3) 
O2b-1  0.4368(9) 0.4960(20) 0.6780(20) 0.010(3) 
O2b-2  0.0619(8) 0.5152(18) 0.1850(20) 0.001(2) 
O3b-1  0.4447(11) 0.1854(19) 0.6200(30) 0.010(3) 
O3b-2  0.0534(9) 0.8130(19) 0.1310(20) 0.007(3) 
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Chapter 3 
 
Stability of orthoenstatite polymorphs: Effects from composition 
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Abstract1 
Raman spectroscopy has been employed to investigate possible compositional effects on the 
high-pressure phase transition of Mg-rich orthoenstatite to a newly-discovered P21/c phase. 
Three natural orthoenstatite samples were used in this study: near end-member Mg orthoenstatite 
(Zabargad Island, Egypt), Al-free Fe-bearing orthoenstatite (Morogoro, Tanzania), and Al-rich 
Fe,Ca-bearing orthoenstatite (Kilbourne Hole, New Mexico). Experiments were carried out at 
room temperature. For all samples, the high-pressure phase transition is characterized by a 
splitting of the 660-680 cm-1 doublet in the Raman spectrum into a triplet, with a corresponding 
change of peak intensities. These spectral changes are caused by the lowered symmetry of the 
high-pressure phase, as indicated by structural refinement from single-crystal X-ray diffraction 
results. The high-pressure phase of all samples appears to have space group P21/c. No evidence 
for a C2/c phase was observed. Our results indicate that upon compression, 10mol% Fe 
decreases the onset pressure of formation of the high-pressure P21/c phase by about 1 GPa. 
Results for the Kilbourne Hole OEN show that a combined enrichment of Al and Ca contents 
increases the onset pressure of formation of HPCEN2 (upon compression) by over 3 GPa relative 
to Tanzania OEN. Upon decompression, all samples revert to single-crystals of the orthoenstatite 
starting phase. 
 
1This work has been submitted for publication to American Mineralogist as: Zhang, J. S., Reynard, B., 
Montagnac, G., Wang, R. and J. D.Bass (2013), Pressure-induced Pbca-P21/c phase transition of natural 
orthoenstatite: Compositional effect and its geophysical implications, Am. Mineral., 98, 986-992. All 
figures, tables and data were created by Jin Zhang unless otherwise indicated.  
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3.1 Introduction 
Mg-rich Fe-bearing pyroxene with approximate composition (Mg,Fe)SiO3, is one of the major 
minerals in Earth’s uppermost mantle. Four polymorphs of (Mg,Fe)SiO3 are potentially stable 
under upper mantle conditions: orthoenstatite (OEN) with space group Pbca [Morimoto and 
Koto 1969], low-pressure clinoenstatite (LPCEN) with space group P21/c [Morimoto et al. 1960], 
high-pressure clinoenstatite (HPCEN) with space group C2/c [Angel et al. 1992], and a newly 
discovered high pressure monoclinic polymorph (HPCEN2) also with space group P21/c [Zhang 
et al. 2012]. Although the equilibrium stability fields for these four polymorphs have not yet 
been firmly established, the discovery of the new P21/c structure has potentially important 
implications for the phase relations in the (Mg,Fe)SiO3 system and for upper mantle mineralogy.  
Experimentally determined pressures for the transition from OEN to the high-pressure 
polymorph HPCEN2 span a wide range for different experiments using different samples with 
different techniques. For example, Raman spectroscopy on synthetic flux-grown MgSiO3 
(containing minor amounts of Li, Mo, V), compressed in a diamond anvil cell (DAC), indicate a 
transition pressure of between 6.1GPa and 12.0GPa in an argon pressure-transmitting medium 
[Chopelas 1999], and between 9.5GPa and 10GPa in water [Lin 2003]. Multi-anvil ultrasonic 
experiments constrained the transition pressure to be between 9.6 and 11.8GPa [Kung et al. 
2004]. For natural orthoenstatite from San Carlos, containing 8mol%Fe and 2.5wt%Al, the 
transition does not occur until 14.26 GPa in a neon pressure medium, as determined from single-
crystal X-ray diffraction experiments [Zhang et al. 2012]. For orthoenstatite from Kilbourne 
Hole, containing 9mol%Fe 5wt%Al, there is no evidence for this phase transition up to 12.5 GPa 
by stimulated light scattering in a DAC [Chai et al., 1997]. These discrepancies on the transition 
pressure suggest that chemical composition (both natural cation substitutions such Al, Fe, Ca, as 
well as the incorporation of artificial flux components such as Li, Mo, V), as well as the pressure 
medium used, could both have a significant effect on the transition pressure and possibly the 
phase relations between OEN, HPCEN LPCEN and HPCEN2. Thus, it is important to separate 
the effects of chemistry from effects of the pressure medium in order to investigate the effect of 
composition on the stability of the P21/c phase. Moreover, orthoenstatite in Earth’s mantle does 
not exist as MgSiO3, but will almost certainly contain Fe, Al, and Ca as minor elements, with the 
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exact composition dependent on depth. In general, the Fe content of OEN tends to be relatively 
constant with increasing depth, whereas Ca and Al content will likely decrease as enstatite is 
progressively dissolved into Ca-rich clinopyroxene and garnet [Akaogi and Akimoto 1977; 
Irifune and Ringwood 1987; Brey et al. 2008]. Thus it is important to evaluate the phase 
transition pressures of OEN for a variety of potential mantle compositions. We thus chose to 
study two natural Fe-bearing samples representative of possible upper mantle compositions, and 
a composition near the MgSiO3 end-member for the sake of comparison with prior work and 
calibration. 
In this paper we report the results of in-situ high-pressure room-temperature Raman 
experiments with several chemically distinct samples loaded together in a sample chamber of a 
diamond-anvil cell (DAC) to clarify the effects of compositional variations in natural 
orthoenstatite on the newly discovered Pbca→P21/c phase transition. 
3.2 Sample Description and Experimental Methods 
3.2.1 Sample Description 
Natural orthenstatite samples from three different locations and with different chemical 
compositions were used in this study: 1) near end-member MgSiO3 orthoenstatite from Zabargad 
Island, Egypt; 2) Al-free Fe-bearing orthoenstatite from the Morogoro Region, Tanzania; 3) Al-
rich Fe,Ca-bearing orthoenstatite from Kilbourne Hole, New Mexico. Samples of high optical 
quality were polished into plate-like samples of ~20 µm thickness using Al2O3 abrasive film 
(down to 0.3 µm grain size). All samples were scratch-free under optical examination, and were 
cut into pieces approximately 20 – 60 µm wide for compositional analysis and DAC loading. 
The chemical composition of each sample was analyzed using a JXA 8100 electron 
microprobe at Nanjing University. All elemental analyses were performed using an accelerating 
potential of 15 kV, a beam current of 20 nA, and a beam 1 µm in diameter. Element peaks and 
backgrounds were measured with counting times of 20 and 10 s, respectively. A ZAF routine 
correction was used in the data reduction. Hornblende was used as the standard for all the 
measured elements, yielding results as follows: Zabargad Island (Zabg) 
(Mg0.994Fe0.002Al0.004)2(Si0.996Al0.004)2O6, or En99Fs0Di0MgTs1; Tanzania (Tan) 
(Mg0.897Fe0.097Ca0.004Al0.002)2(Si0.996Al0.002)2O6, or En89Fs10Di1MgTs0; and Kilbourne Hole (KBH) 
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(Mg0.835Fe0.090Ca0.020Al0.055)2(Si0.945Al0.055)2O6, or En76Fs9Di4MgTs11, where En indicates the 
Mg2Si2O6 component, Fs is Fe2Si2O6, Di is CaMgSi2O6, and MgTs is (MgAl)(SiAl)O6. 
3.2.2 Experimental Methods 
High-pressure experiments were performed with a membrane-type diamond anvil cell for precise 
pressure control. Rhenium metal gaskets with an initial thickness of 250 µm were pre-indented to 
0.070 mm using 500 µm culet, ultra-low fluorescence diamond anvils. A 250 µm diameter hole 
in the gasket formed the sample chamber. Three different plate-like samples (maximum ~60 µm 
width) and several ruby balls were loaded together in the diamond-anvil cell sample chamber 
(Fig. 3.1). An alcohol mixture (methanol:ethanol=4:1) was loaded as a pressure-transmitting 
medium. A heat gun was used to warm the chamber (up to 60°C) to help relax differential 
stresses when needed. Pressure was determined from ruby fluorescence [Mao et al. 1986] before 
and after the Raman experiment at each pressure; the maximum pressure difference from the two 
readings was 0.14 GPa or less. Maximum stress differentials were obtained during 
decompression runs. 
In-situ high-pressure single-crystal Raman spectroscopy experiments were carried out at 
Ecole Normale Supérieure de Lyon. Raman spectra were obtained using a multichannel Raman 
microprobe (LabRam HR800 from DILOR) equipped with a confocal microscope configuration 
that enhances the signal-to-noise ratio by eliminating most of the parasitic light from sample and 
diamond fluorescence. Experiments were conducted in a backscattering geometry with a 
Mitutoyo objective that focused the incident laser spot to less than 2 µm in diameter. The 
scattered Raman light is focused through a 100-micron slit into a spectrograph equipped with a 
1800 gr/mm grating and analyzed by a CCD detector, giving a resolution of approximately 2.5 
cm-1 [Auzende et al. 2004]. The accumulation times for Raman spectra were typically 60-120s 
over the spectral region from 100 cm-1 to 1250 cm-1. Peak positions were determined to within 2 
cm-1 or better depending on sample quality. The 514.5 line of an argon ion laser was used as an 
excitation source at an output power ranging from 500 to 1500 mW. Only 5 to 10% of this power 
reaches the sample, due to absorption or reflection from the optical elements and diamonds in the 
optical path. 
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3.3 Results  
High pressure Raman data were collected at 47 different pressures between 0.30(1) GPa and 
18.01(2) GPa in several compression and decompression cycles The number of Raman-active 
modes in orthoenstatite is predicted to be 120 [Ferraro 1975]. However, the number of observed 
Raman bands is smaller in any given run due to the weak intensity and/or overlap of many bands, 
and the strong orientation dependence of intensity. Because the edge filter used to cut off 
Rayleigh scattering limits the measured Raman shifts to above100 cm-1, we were not able to 
observe the lowest frequency bands of OEN. Another limitation included the overlap of the 
strong methanol ethanol C-O stretching band at ~1030 cm-1 with OEN and HPCEN2 peaks near 
that frequency shift. 
 We consistently observed 34 bands in Zabg OEN, 40 bands in Zabg HPCEN2; 28 bands 
in Tan OEN, 26 bands in Tan HPCEN2; 23 bands in KBH OEN, 24 bands in KBH HPCEN2. 
The results are listed in Tables 3.1 and 3.2. Our observations are in good agreement with 
previous results [Lin 2003, Chopelas 1999; Huang et al. 2000; Stalder et al. 2009; Reynard et al. 
2008; Zucker and Shim 2009]. Small discrepancies were due to crystal orientation effects, 
overlap of peaks, and weak intensities of some peaks. 
Typical Raman spectra of OEN and HPCEN2 for all three samples are shown in Fig. 3.2a. 
In the low frequency range, the transition is characterized by the occurrence of HPCEN2 peaks 
(e.g. for Zabg OEN at 12.5GPa, 199.5cm-1 , 228.3 cm-1, 341.9 cm-1 ), with fading OEN peaks 
(206.6cm-1, 238.5cm-1, 210.5cm-1, 218.1cm-1, 308.2cm-1, 312.7cm-1).   The single most 
significant characteristic of this transition is splitting of the strong 660-680 cm-1 doublet into a 
triplet (Fig.3.3), accompanied by a change in the relative intensities of the peaks. The 660-680 
cm-1 doublet is assigned to the Si-O-Si bending mode of the tetrahedral chains. A change in the 
number of peaks in that region indicates a change in the number of symmetrically distinct 
tetrahedral chains, which is diagnostic of the phase transition [Chopelas and Boehler 1992; Ross 
and Reynard, 1999]. The observation of an increase from two to three peaks is consistent with X-
ray structural refinements of the HPCEN2 phase, which indicate that the number of distinct 
tetrahedral (T) chains doubles across the OEN-HPCEN2 transition (Fig. 3.4). In detail, the A site 
T-chain in the OEN structure splits into two T-chains with the O3-O3-O3 angle changing from 
160.71(16)° to 148.44(79)° and 216.61(77)°. The B site T-chain in OEN undergoes a change in 
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O3-O3-O3 angle from 135.44(15)° to 131.94(72)° and 133.13(49)° [Zhang et al. 2012]. The 
large change of angle in the A chain is related to the split of the Raman doublet, whereas the 
change for the B chain is so small that the associated Raman peak splitting cannot be resolved, 
thus yielding a spectral triplet instead of a quadruplet. For similar reasons, the doublet of OEN 
transforms to a single peak in the same frequency region upon transition to HPCEN with space 
group C2/c [Chopelas and Boehler 1992; Ross and Reynard, 1999]. These clear spectral 
differences makes Raman spectroscopy an efficient tool to differentiate OEN polymorphs from 
each other [Lin 2004]. 
3.4 Discussion and conclusion 
For all three OEN samples, peak splitting associated with the Pbca→P21/c phase transition was 
observed. Evidence for a C2/c phase, which was claimed to be the stable high-pressure phase 
above ~7-9 GPa [Angel et al. 1992], was not observed over the pressure range of the present 
experiments. We were able to observe the formation of domains as the transition proceeded (e.g. 
Fig. 3.2b and c). There are two distinctive characteristics of these domains. Firstly, they 
developed upon initiation of the transition, and disappeared after the transition was completed 
(e.g. Fig 3.2b). All samples were single crystals by optical examination before initiation and after 
completion of the high-pressure transition. Secondly, the formation of P21/c phase domains 
started from edges of the sample and progressed toward the center (e.g. Zabg OEN Figure3.2c). 
Edges may have a high density of crystal defects that act as nucleation sites for the new phase.  
The onset pressure of the Pbca→P21/c transition (PTr) is different for the three samples. 
For near Mg-end member Zabg OEN, PTr is between 13.13(11) - 13.41(8) GPa on compression, 
and between 11.03(1) - 11.13(11) GPa on decompression. For near-Al-free Fe-bearing Tan OEN, 
PTr was constrained between 12.38(3) - 12.42(4) and 11.03(1) - 11.13(11) GPa in compression 
and decompression cycles, respectively. For Al-rich Ca, Fe-bearing KBH OEN, PTr was 
constrained as between 15.73(12) - 16.25(14) and 12.18(1) - 12.58(1) GPa during compression 
and decompression, respectively. A comparison between Zabg OEN and Tan OEn indicates that 
10mol% Fe content decreased the onset pressure of the initial formation of HPCEN2 by ~1GPa; 
however, the comparison between KBH and Tan OEN is more complex, including differences in 
both Al and Ca contents. KBH OEN contains 0.22 Al per formula unit (pfu, based on 6 oxygens), 
which is 27.5 times more than in Tan OEN. The Ca content of KBH OEN is 0.040 pfu, which is 
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5 times more than in Tan OEN. Considering the fact that the Fe contents are very close to each 
other, the presence of 0.212 pfu more Al and 0.032 pfu more Ca increased the onset pressure of 
the initial formation of HPCEN2 by over 3 GPa. Notably, it seems that the transition pressure 
during decompression is less sensitive to composition – ~10mol% Fe does not change 
decompressional transition pressure while 0.212 pfu more Al and 0.032 pfu more Ca increased it 
only by about 1 GPa.  
Increased repulsion between the M2 site cation and A-site Si was believed to be a key 
factor in determining the topology of pyroxene structures at higher pressure. Fe prefers M2 sites 
over the M1 sites as suggested from the structure refinement for both OEN and HPCEN2 [e.g., 
Zhang et al. 2012].  The substitution of Fe atoms into the structure results in a larger M2 site, 
thus giving the Si-O tetrahedral chains more spatial flexibility, and making this Pbca→P21/c 
transition, which is characterized by tetrahedral rotation, easier to occur at lower pressure. 
Similar qualitative arguments for the effects of Ca and Al are less obvious, because the effects of 
these two elements cannot be decoupled in this experiment. We do not rule out the possibility 
that a small amount of Ca might have a significant effect on the transition pressure, as it has a 
resolvable effect on the OEN structure [Tribaudino and Nestola 2003]. Additional experiments 
would be needed to determine pure Ca or Al effects using synthetic samples. However, the much 
greater abundance of Al over Ca in KBH OEN suggests to us that the enrichment of Al is the 
primary cause of the increase in the onset of PTr. The case of Al substitution into the crystal 
structure is complicated since it involves a coupled substitution mechanism, with half the Al 
atoms occupying the tetrahedral A site substituting for Si, and half occupying the M1 sites 
substituting for Mg, resulting in a Mg-Tschermaks component in the KBH OEN. In this case, 
two competing processes, due to Al occupying two polyhedral sites, will be operative. Although 
the individual effects of these two substitutions are not resolved by the present experiments, net 
effect is to increase the phase transition pressure.  
In the upper mantle, the Fe content in OEN does not change much with depth, whereas 
Ca and Al contents decrease with increasing depth [Akaogi and Akimoto 1977; Irifune and 
Ringwood 1987; Brey et al. 2008]. Al and Ca will be enriched in Ca-rich clinopyroxene and 
garnet in comparison to OEN. Thus, in the 300-450km depth range where this phase transition 
might occur, the composition of OEN is probably between San Carlos OEN [Zhang et al. 2012] 
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and Tan OEN, but likely closer to Tan OEN. Neglecting thermal effects, our results suggest a 
transition depth of about 350-400km (if the OEN has not yet completely dissolved into the garnet 
structure), just above the 410km discontinuity. Additional studies, including high temperature 
measurements of the stability of HPCEN2, and single-crystal elasticity measurements, will be 
required to obtain better estimates of the depth at which the OEN-HPCEN2 transition occurs in 
the mantle, and its seismic signature. 
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Figures 
Figure 3.1 Diamond anvil cell sample chamber 
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Figure 3.2  
a. Selected Raman spectra of OEN and HPCEN2 for all three samples at high pressures. The 
660-680 cm-1 doublet-to-triplet changes for each of the samples are indicated with red arrows. 
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Figure 3.2  (cont.) 
b. Optical observation of the OEN→HPCEN2 phase transition in the mixed phase region for 
sample Tan.  
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Figure 3.2  (cont.) 
c. Optical observation of the OEN→HPCEN2 phase transition in the mixed phase region for 
sample Zabg.  
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Figure 3.3  Raman frequency shifts of the 660-680 cm-1 doublet/triplet as a function of pressure   
a. Zabargad Island, Egypt 
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Figure 3.3 (cont.) Raman frequency shifts of the 660-680 cm-1 doublet/triplet as a function of 
pressure   
b. Morogoro Region, Tanzania  
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Figure 3.3 (cont.) Raman frequency shifts of the 660-680 cm-1 doublet/triplet as a function of 
pressure   
c. Kilbourne Hole, New Mexico 
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Figure 3.4  Structural change associated with the OEN→HPCEN2 phase transition. O3-O3-O3 angle is marked as θ in the figure. The 
largest change of θ occurs on the A site tetrahedral which is shown on the top right. 
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Tables 
Table 3.1 Comparison of Raman frequencies  from previous studies; Note: strong peaks are in bold font; weak peaks are in inclined 
grey font; Intermediate peaks are in normal font. 
OEN, ambient condition HPCEN2, normalized to 12.5GPa 
Stalder et al.  Huang et al. Lin Chopelas  This study Lin Chopelas This study 
2009 2000 2003 1999 ZABG TAN KBH 2003 1999 ZABG TAN KBH 
  
83 83   94.7 94.9 
  
106.8   135.9 139.1 
  
115.4 115   166 168.8 168.3 
133.8 
 
134.3 134 137.4   174.6 178.1 179.7 
  
155.3 153 155.7 151.4 183 
  
161.5 160 196.4 197.5 199.2 195.7 
  
166.7 166 170.2 169.3 169.7 204 
   
190.1 190.9 
  
224.4 225.5 227.9 223.7 223.8 
197.5 
 
196.9 197 196.5 197.1 193.7 231.8 
   
201.1   250.5 251.7 254.4 251.7 251.3 
206.4 
 
206.5 208.3   262.1 267.5 
   
237 240.1   272 273.9 276.2 269 
239 238 238.2 239 241.1 238.2 238.4 280.8 
  
244.8 245 246.3 248.9   290.2 291.6 295.3 288.7 289.7 
   
261 260.8 257.9   304.1 298.3 
   
271.6   320.3 314.5 323.6 318.9 320 
  
278.2 276.6   329.4 
   
286.5 284 337.2 338 341.3 338.4 335.7 
302.5 298 301.5 302 303.2 300.7 300.5 345.6 
  
323.3 320.1 358.1 
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Table 3.1 (cont.) 
  
327.7 328.9   373.4 377.7 368.5 
   
340.3   381.5 383.4 388.7 377.6 382.9 
   
342.9 
  
393.6 395.1 399.6 395.3 394.5 
343.9 344 343.5 343 345.4 339.9 345.3 406.3 407 412.1 404.4 404.7 
   
374   428.9 431.2 430.2 427.8 
385.2 
 
383.8 381 381.7 387 434.9 436.3 
402.8 407 402.1 402 402.6 399 407.6 445.8 447.3 452.9 444.4 443.6 
422.7 422 421.7 422 424.2 418.5   462.7 466.3 469.3 463.7 
445.9 447 445.5 446 445.4 443.2 444.3 476.1 476.5 480.2 475.6 475.3 
   
448   493.8 496.8 499.4 493.9 488.5 
  
458.8 457 458.6 459.9   511.7 507.6 
  
472.9 478.7 476.4   533.6 528.9 525.4 
   
487 488.3   557.5 559.8 562.9 557.1 557.8 
527 522 524.9 519 528.1 521 523.5 565.6 570.9 569.8 
   
533.7   587.8 578.7 583.3 581 
540.8 543 
 
540 541.9 544.7 538 600.9 598.5 
553.5 551 551.5 553 554.5 550.2 607.2 
581 582 580.3 580 582.1 578.5 574.9 620.4 616.1 616 
  
594.5 593.9   704.1 704.1 708.4 706.9 701.3 
664.8 665 663.8 665 664.9 662.1 661.8 716.5 716.2 719.6 716.5 716 
687.1 685 686.1 687 687.7 684.2 684.2 725.3 
   
736.1 735.2 736.1 739.8 735.9 735.3 
 
751 750.7 752.7 753.3 753.9 780.1 
853.2 856 851.1 851 852.9 848.7 814 
   
886   847 851.9 856.1 855.8 
927.9 931 926.6 927 929.6 929.7 929.3 873.5 864.5 861.7 865.4 
936.5 
 
935.2 937 938.6 940.9 887.6 888.9 893.1 893.8 893.2 
1013.2 1013 1011.3 1014   924.1 924.7 
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Table 3.1 (cont.) 
1034.7 1035 1032.9 1034   963.6 955.3 969.5 969.4 970 
 1030.2 
 1056.5 1055.5 
 1075 1073.3 
  1092.8 1093.3       
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Table 3.2 Pressure dependence of the Raman frequencies for all three samples; Note: strong peaks are in bold format; weak peaks are 
in inclined grey format; Intermediate peaks are in normal format. 
OEN         ν= ν0+ a×P+ b×P×102 
ZABG      near pure MgSiO3 TAN      Fe-bearing Al-free OEN KBH      Fe,Al-bearing OEN 
ν0 a b R2 ν0 a b R2 ν0 a b R2 
137.4(10) 5.2(5) -38.8(41) 0.95 155.7(5) 0.8(2) 4.0(12) 0.989 151.4(10) 1.3(3) -0.3(17) 0.969 
170.2(3) 2.1(1) -5.4(7) 0.99 169.3(6) 1.6(2) -1.6 0.985 160.0(9) 0.3(2) 3.5(11) 0.925 
190.1(9) 2.1(2) -6.0(11) 0.98 197.1(5) 0.4(2) 0.9(11) 0.909 169.7(5) 2.0(1) -5.3(5) 0.98 
196.5(10) 1.6(3) -4.0(16) 0.95 190.9(36) 6.0(8) -21.2(42) 0.972 193.7(7) 1.4(2) -1.9(9) 0.958 
201.1(19) 3.8(7) -19.8(50) 0.85 238.2(5) 1.7(2) -3.7(11) 0.986 238.4(4) 1.7(1) -3.8(5) 0.986 
208.3(9) 3.0(2) -4.5(14) 0.99 248.9(13) 0.0(4) 10.2(28) 0.936 284.0(7) 2.0(1) -2.9(7) 0.985 
240.1(6) 1.6(2) -2.7(12) 0.98 257.9 3.4(2) -3.6(17) 0.997 300.5(34) 1.0(8) 8.0(50) 0.869 
241.1(8) 2.9(2) -7.3(15) 0.99 276.6(9) 3.5(2) -10.4(14) 0.984 320.1(9) 4.5(2) -5.7(10) 0.993 
246.3(10) 3.9(3) -10.1(17) 0.99 300.7(6) 2.0(2) -2.7(15) 0.99 345.3(6) 6.2(1) -10.7(7) 0.998 
260.8(7) 3.9(2) -6.7(13) 1 328.9(11) 2.8(3) 2.5(18) 0.994 387.0(68) 1.4(33) 14.4(226) 0.922 
271.6(61) 5.3(13) -19.2(67) 0.85 339.9(12) 6.8(4) -12.6(27) 0.995 407.6(6) 3.9(1) -7.8(6) 0.995 
286.5(7) 2.8(2) -5.5(11) 0.99 381.7(8) 3.7(3) -3.0(19) 0.994 444.3(11) 2.5(2) -0.4(13) 0.976 
303.2(5) 2.6(1) -4.6(9) 0.99 399.0(10) 5.4(3) -14.4(24) 0.992 523.5(7) 2.7(2) -0.4(9) 0.991 
342.9(119) 3.6(21) -7.2(93) 0.95 418.5(18) 2.3(7) 3.5(53) 0.972 538.0(9) 1.1(5) 8.7(29) 0.999 
340.3(81) 6.4(15) -23.6(69) 0.89 443.2(7) 2.8(2) -3.5(18) 0.991 550.2(8) 2.7(2) -0.7(10) 0.989 
345.4(11) 6.9(3) -12.2(22) 1 459.9(16) 2.0(7) 1.1(52) 0.961 574.9(11) 2.5(2) -2.8(14) 0.971 
374.0(24) 6.1(6) -13.7(39) 0.98 476.4(14) 5.5(4) -11.4(26) 0.988 661.8(4) 3.8(1) -3.3(6) 0.998 
381.0(32) 6.2(10) -13.1(64) 0.95 521.0(6) 3.1(2) -1.0(14) 0.996 684.2(5) 3.9(1) -5.5(6) 0.997 
402.6(9) 5.3(3) -12.8(17) 0.99 533.7(28) 2.2(10) 4.5(71) 0.925 736.1(42) 3.4(13) -12.2(72) 0.802 
424.2(43) 2.9(15) -1.7(106) 0.8 544.7(20) 4.0(6) -6.8(42) 0.962 753.9(13) 2.6(3) 3.4(16) 0.985 
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Table 3.2 (cont.) 
445.4(68) 1.1(14) 8.0(68) 0.98 578.5(4) 2.0(1) -0.8(9) 0.995 848.7(9) 1.9(2) 5.7(11) 0.99 
448.0(9) 2.4(3) 0.4(19) 0.99 593.9(9) 3.5(4) -8.4(29) 0.991 929.3(8) 4.0(2) -4.3(10) 0.993 
458.6(17) 3.1(5) -1.0(34) 0.97 662.1(9) 4.0(3) -3.3(21) 0.994 940.9(38) 5.7(10) -6.3(64) 0.974 
478.7(22) 2.3(5) 1.8(29) 0.98 684.2(5) 3.8(2) -4.1(12) 0.997 
 
488.3(12) 3.4(4) 1.3(24) 0.99 753.3(20) 2.6(8) 4.8(72) 0.967 
528.1(11) 2.1(3) 3.5(23) 0.98 852.9(16) 1.1(5) 9.1(37) 0.963 
541.9(5) 1.1(2) 10.1(13) 1 929.7(19) 3.5(5) -0.2(29) 0.993 
554.5(18) 2.3(5) 2.9(36) 0.96 938.6(22) 5.7(5) -5.8(32) 0.995 
582.1(6) 2.0(2) -0.3(11) 0.99 
 
664.9(8) 4.0(3) -3.8(17) 0.99 
687.7(7) 4.0(2) -5.6(13) 1 
752.7(12) 3.2(4) 1.7(25) 0.99 
851.0(11) 1.2(3) 8.4(22) 0.98 
929.6(8) 3.7(2) -2.1(15) 1 
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Table 3.2 (cont.) 
HPCEN         ν= ν0+ a×P 
ZABG   near pure MgSiO3 TAN   Fe-bearing Al-free KBH   Fe,Al-bearing 
ν0 a R2 ν0 a R2 ν0 a R2 
157.8(7) 0.8(1) 0.926 181.5(15) 1.1(1) 0.818 202.6(22) 1.7(2) 0.919 
169.4(7) 0.8(1) 0.919 211.0(7) 1.0(1) 0.938 235.0(11) 1.3(1) 0.963 
191.6(7) 0.6(1) 0.828 237.9(8) 1.1(1) 0.932 248.4(45) 1.6(3) 0.805 
215.3(9) 1.0(1) 0.895 268.3(31) 1.6(2) 0.724 257.1(41) 2.6(3) 0.902 
241.8(7) 1.0(1) 0.945 300.4(10) 1.5(1) 0.938 191.2(219) 8.6(15) 0.938 
249.9(19) 1.4(1) 0.805 315.4(16) 1.8(1) 0.905 298.5(25) 1.7(2) 0.909 
256.7(13) 1.6(1) 0.915 338.1(20) 2.4(1) 0.923 309.5(24) 2.1(2) 0.936 
255.5(19) 2.0(1) 0.902 343.9(16) 2.7(1) 0.951 360.8(66) 1.8(5) 0.725 
273.4(17) 1.8(1) 0.891 371.2(11) 1.9(1) 0.957 370.6(13) 1.9(1) 0.977 
305.3(10) 1.5(1) 0.935 364.8(17) 3.2(1) 0.96 365.9(98) 3.1(6) 0.849 
310.2(16) 1.5(1) 0.876 396.6(26) 2.5(2) 0.868 397.7(50) 3.7(3) 0.913 
319.8(13) 1.7(1) 0.93 398.6(29) 3.7(2) 0.923 450.7(11) 2.0(1) 0.983 
312.8(56) 2.6(4) 0.788 433.4(23) 2.4(2) 0.948 438.7(52) 4.0(4) 0.933 
339.8(35) 1.5(2) 0.793 451.9(11) 1.9(1) 0.958 516.1(23) 3.3(2) 0.977 
342.6(22) 2.8(2) 0.957 457.6(18) 2.9(1) 0.956 551.7(37) 2.3(2) 0.949 
351.6(30) 3.0(2) 0.936 473.8(42) 2.7(3) 0.913 571.1(45) 2.2(3) 0.855 
371.9(19) 2.2(1) 0.905 478.5(43) 3.8(3) 0.927 598.5(27) 1.4(2) 0.847 
374.3(36) 3.0(3) 0.856 524.3(22) 2.6(2) 0.916 658.1(57) 3.5(4) 0.926 
401.2(17) 2.3(1) 0.929 545.8(47) 1.9(3) 0.625 674.1(26) 3.3(2) 0.969 
407.6(27) 2.3(2) 0.843 592.1(17) 1.9(1) 0.908 690.6(22) 3.6(1) 0.981 
423.9(46) 2.3(3) 0.644 679.0(25) 2.2(2) 0.875 810.2(47) 3.7(3) 0.922 
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Table 3.2 (cont.) 
441.7(20) 2.2(1) 0.903 680.6(15) 2.9(1) 0.964 841.1(23) 1.9(2) 0.982 
456.8(15) 1.9(1) 0.916 697.8(16) 3.1(1) 0.962 844.7(24) 3.9(2) 0.988 
463.9(22) 2.8(2) 0.923 840.8(29) 1.7(2) 0.706 947.7(21) 1.8(1) 0.935 
489.7(35) 3.1(3) 0.869 850.4(54) 3.5(4) 0.911 
 528.5(28) 2.8(2) 0.878 937.0(47) 2.6(3) 0.844 
534.4(23) 2.9(2) 0.92 
 
550(23) 2.7(2) 0.912 
582.5(33) 1.5(2) 0.791 
574.6(36) 2.6(3) 0.896 
595.1(18) 2.0(1) 0.901 
673.4(23) 2.8(2) 0.913 
685.3(15) 2.7(1) 0.963 
701.9(17) 3.0(1) 0.957 
738.8(24) 3.3(2) 0.962 
782.9(36) 2.5(3) 0.86 
824.9(13) 2.5(1) 0.963 
846.4(23) 1.4(2) 0.764 
853.8(22) 3.1(2) 0.937 
939.6(27) 2.4(2) 0.858 
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Chapter 4 
Stability of orthoenstatite polymorphs: Effects from high 
temperature 
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Abstract1 
In-situ high-pressure (P) high-temperature (T) Raman spectroscopy has been used to investigate 
the effect of temperature on the high-pressure phase transition of Mg-rich orthoenstatite (OEN) 
to a newly-discovered P21/c phase (HPCEN2) up to 673K and 18.2(10) GPa. Two natural 
orthoenstatite samples were used in this study: near end-member Mg orthoenstatite (Zabargad 
Island, Egypt), and Al+Fe-bearing orthoenstatite (San Carlos, Arizona). For San Carlos OEN 
(SC-OEN), the experiment was performed at room temperature, 373K, 573K and 673K; For 
Zabargad Island OEN (Zabg OEN), experiments were performed at 573K and 673K. The three 
phases OEN, HPCEN2, and another high-pressure phase with space group C2/c (denoted by 
HPCEN) are readily distinguished by a characteristic doublet, triplet, or singlet, respectively, in 
the 660-680 cm-1 range. Similarly, splitting of a peak near 1100 cm-1 is indicative of an 
OEN→HPCEN2 transition. For both samples, no phase other than OEN and HPCEN2 was 
observed within the investigated P-T range. The recovered products after slow cooling for over 
24 hours from 673K and 16.6(9) GPa were OEN. The Clapeyron slope (dP/dT) of this transition 
is bracketed between +0.020 to -0.0026 GPa/K for Zabg-OEN, and +0.0023 to -0.0049 GPa/K 
for SC-OEN. Our results suggest a possible stability field for HPCEN2 at the bottom of the 
upper mantle. 
 
1This work has been submitted for publication to Physics of Earth and Planetary Interiors as:  
Zhang, J. S., Reynard, B., Montagnac, G, and Bass, J. D. (2014), Pressure-induced Pbca-P21/c phase 
transition of natural orthoenstatite: high temperature effect and its geophysical implications, Phys. Earth 
Planet. Inter. 228, 150-159. All figures, tables and data were created by Jin Zhang unless otherwise 
indicated.  
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4.1 Introduction 
Mg-rich Fe-bearing pyroxene with approximate formula (Mg,Fe)SiO3, is widely considered to be 
one of the major minerals in Earth’s upper mantle. Four polymorphs of (Mg,Fe)SiO3 are 
potentially stable under upper mantle conditions: orthoenstatite (OEN) with space group Pbca 
[Morimoto and Koto 1969], low-pressure clinoenstatite (LPCEN) with space group P21/c 
[Morimoto et al. 1960], high-pressure clinoenstatite (HPCEN) with space group C2/c [Angel et 
al. 1992], and a newly discovered high-pressure monoclinic polymorph (HPCEN2), also with 
space group P21/c [Zhang et al. 2012].  
Early studies suggested that OEN transforms into HPCEN between 6-9 GPa at high 
temperature, and that HPCEN transforms to LPCEN upon cooling and decompression [Pacalo 
and Gasparik 1990; Kanzaki 1991; Ulmer and Stadler 2001, Angel et al. 1992; Shinmei et al. 
1999; Kung et al. 2004; Akashi et al. 2009]. These experiments lead to the hypothesis that 
LPCEN, OEN, and HPCEN are the stable polymorphs over the range of upper mantle conditions 
[Angel et al., 1992l; Woodland, 1998]. However, the rarity of LPCEN in nature strongly argues 
against this view of LPCEN stability [Anthony et al; Coe and Kirby1975; Ito 1975]. Moreover, 
most previous experiments in the literature used either flux-grown synthetic crystals with 
impurities from the fluxes incorporated in the structure (e.g. Mo, V, etc.), or were performed 
under hydrous / flux-bearing / high-shear-stress environments [e.g. Grover 1972; Ito 1975]. 
Enstatite has been shown to be very sensitive to those impurities and stress environments [e.g. 
Coe and Kirby 1975], thus we must view the phase relations of OEN as a function of P, T, 
chemical composition (X) and stress state σ (not just P&T). In fact, the product recovered upon 
slow cooling from temperatures of over 1000˚C at room-pressure was found to be OEN instead 
of LPCEN [Jackson et al. 2004; Brenizer, 2006; Reynard et al. 2009]. The only previous studies 
utilizing natural enstatite samples under nearly water/stress-free conditions by Zhang et al. 2012 
and 2013, provided both X-ray and Raman evidences of a new high pressure phase transition 
(OEN → HPCEN2) in the enstatite system, and raised questions about the OEN equilibrium 
phase relations (e.g. the stability field of HPCEN (C2/c) and the newly discovered high pressure 
phase HPCEN2).  
In order to examine the stability of HPCEN2, it is necessary to perform phase 
identification of Mg-rich Ca-poor pyroxene under in-situ high P-T and water/stress-free 
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conditions. As for the effect of composition on the high-pressure phase relations, it has been 
shown that natural impurities of several percent Fe and Al could change the onset of the OEN → 
HPCEN2 transition by up to 3GPa at room temperature conditions; however, no other phases 
were observed during the experiments [Zhang et al. 2013]. This indicates that natural 
compositional variations do not stabilize an additional phase of (Mg,Fe)SiO3 at room 
temperature and high pressure. However, the combined effects of temperature and composition 
are still unknown. Thus, in this study, we have performed in-situ high-pressure high-temperature 
Raman experiments with near end-member Mg orthoenstatite from Zabargad Island, Egypt, and 
Al, Fe-bearing orthoenstatite from San Carlos, Arizona, to address the effects of temperature and 
composition on the newly-discovered Pbca→P21/c phase transition. 
4.2 Sample Description and Experimental Methods 
Natural orthenstatite samples from two different locations and with distinct chemical 
compositions were used in this study: Near end-member MgSiO3 orthoenstatite from Zabargad 
Island, Egypt with composition (Mg0.994Fe0.002Al0.004)2(Si0.996Al0.004)2O6; and aluminous Fe-
bearing orthoenstatite from San Carlos (SC), Arizona with composition 
(Mg0.87Fe0.08Al0.03Ca0.02)2(Si0.97Al0.03)2O6 (analyzed by EPMA). Samples of high optical quality 
were polished into plate-like samples (~20 µm thickness) using Al2O3 abrasive film (down to grit 
size 0.3 µm). Samples were scratch and inclusion-free under examination by optical microscopy, 
and were cut into pieces approximately 20 – 60 µm wide for DAC loading. 
High-pressure experiments were performed with a membrane-type diamond anvil cell for 
precise pressure control [Chervin et al. 1995]. Rhenium metal gaskets with an initial thickness of 
250 µm were pre-indented to 0.070 mm using 500 µm-culet ultra-low fluorescence diamond 
anvils. A 250 µm diameter hole in the gasket formed the sample chamber. For runs at room 
temperature and 373K, 2 pieces of SC-OEN (orientation (010) and (100)) were loaded with 
several ruby spheres in the sample chamber with an alcohol mixture (methanol (M): ethanol (E) 
=4:1) as the pressure-transmitting medium. In the room temperature measurements, we used a 
heat gun to anneal the pressure medium by heating it to about 333 K before measurement. With a 
freezing pressure ~18 GPa for the alcohol mixture at 373 K [Klotz et al., 2009], we expected a 
hydrostatic stress state within the sample chamber. For runs at 573K and 673K, one piece of SC-
OEN and one piece of Zabg-OEN (both with random orientation) were loaded with several ruby 
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spheres into the same chamber with CsBr as the pressure-transmitting medium.  Pressure was 
determined using the ruby fluorescence pressure scale [Mao et al. 1986] before and after a 
Raman experiment at each pressure-temperature point. Because the temperature and pressure 
shifts of the ruby R1 peak are largely independent, the effect of temperature on the ruby peak 
shift could be calibrated at 1 atm. pressure and at temperatures up to 673K (Fig. 4.1). The 
maximum pressure difference from different ruby spheres in the sample chamber at any given P-
T point, from measurements taken both before and after Raman spectra were collected, was less 
than 1.0 GPa in CsBr at 673K and 573K, and less than 0.5GPa in the alcohol mixture at lower 
temperatures. 
For the DAC chamber containing two pieces of SC-OEN and a ME pressure-transmitting 
medium, high-pressure Raman data were collected at 9 different pressures between 0 and 
13.13(20) GPa at room temperature, and at 15 different pressures between 3.29(3) and 16.3(4) 
GPa at 373K. For the DAC chamber with SC-OEN and Zabg-OEN loaded with CsBr as 
pressure-transmitting medium, high pressure Raman data were collected at 24 pressures between 
5.8(1) and 18.1(9) GPa at 573K, at 13 pressures between 5.6(1) and 16.6(10) GPa at 673K, and 
finally at 17.9(10) GPa and room temperature after slow cooling.  
In-situ high-pressure single-crystal Raman spectroscopy experiments were carried out at 
Ecole Normale Supérieure de Lyon. Raman spectra were obtained by using a multichannel 
Raman microprobe (LabRam HR800 from DILOR) equipped with a confocal stage that enhances 
the signal-to-noise ratio by eliminating most of the parasitic light from the sample and diamond 
fluorescence. Experiments were conducted in a backscattering geometry with a Mitutoyo 
objective. The laser spot was focused on the sample to less than 2 µm in diameter. The scattered 
Raman light is focused through a 100-micron slit into a spectrograph equipped with a 1800 
gr/mm grating and analyzed by a CCD detector, giving a resolution of approximately 2.5 cm-1 
[Auzende et al. 2004]. The accumulation times for Raman spectra were typically 60-120s over 
the spectral region from 100 cm-1 to 1250 cm-1. The precision with which Raman peak positions 
were determined is typically 0.2 cm-1 (2 sigma) for strong peaks; accuracy is approximately 1 
cm-1 for peaks with a full-width at half-maximum (FWHM) of 0.5-1 cm-1. For weak peaks and 
overlapped peaks, the peak-position uncertainty is larger but still within 2 cm-1. The 514.5 line of 
an argon ion laser was used as an excitation source at an output power ranging from 500 to 1500 
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mW. Only 5 to 10% of this power reaches the sample, due to absorption or reflection from the 
objectives, diamonds, and environmental windows in the optical path. Separate spectra were 
collected with the incident laser beam in both vertical and horizontal polarizations for the 
measurements on (100) and (010) orientations of SC-OEN at room temperature and 373K. All 
other measurements were performed on samples with random crystallographic orientations using 
vertically polarized incident light only. 
4.3 Results  
The number of Raman-active modes in orthoenstatite is predicted to be 120 [Ferraro 1975]. 
However, the number of observed Raman bands is much smaller due to the weak intensity and/or 
overlap of many bands, and the strong orientational dependence of intensity. Because the edge 
filter used to reject Rayleigh scattered light limits the measured Raman shifts to above 100 cm-1, 
we were not able to observe the lowest frequency bands of OEN. Another limitation included the 
overlap of the strong methanol ethanol C-O stretching band at ~1030 cm-1 with OEN and 
HPCEN2 peaks at similar frequency shifts. However, because there are no observable optical 
modes for CsBr, we were able to observe all the possible modes when CsBr was used as a 
pressure-transmitting medium. 
 We observed ~25 bands in Zabg-OEN and ~33 bands in Zabg-HPCEN2, ~25 bands in 
SC-OEN and ~23 bands in SC-HPCEN2. The results are listed in Table 4.1, 4.2, 4.3 and 4.4. Our 
observations are in good agreement with previous results [Lin 2003, Chopelas 1999; Huang et al. 
2000; Stalder et al. 2009; Reynard et al. 2009; Zucker and Shim 2009; Zhang et al., 2013]. Small 
discrepancies are due to crystal orientation effects, overlap of peaks, and the weak intensities of 
some peaks (Table 4.5). 
There are systematic differences between the Raman spectra with vertical and horizontal 
incident laser polarization for two SC-OEN samples with plane normal close to (010) and (100) 
(Fig. 4.2). Peaks with strong orientation and polarization dependence are marked with arrows in 
Fig. 4.2. The appearance and disappearance of different optical modes were consistent with the 
symmetry of orthoenstatite, as described by Chopelas (1999). 
Typical Raman spectra of OEN and HPCEN2 are shown in Fig. 4.3. At room conditions, 
there are  tetrahedral chain bending frequencies near 660-680 cm-1 that we used for phase 
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identification. The frequencies of the doublet or triplet found at 660-680 cm-1 at ambient 
conditions increase with pressure, but for consistency and clarity we still use the term of “660-
680 cm-1 doublet” for these characteristic Raman peaks. The splitting of the strong 660-680 cm-
1doublet into a triplet is one of the more pronounced characteristics of this transition [Zhang et al. 
2013], and was observed for both samples at all temperatures (Fig 4.4). The 660-680 cm-1 
doublet is assigned to the Si-O-Si bending mode of the tetrahedral chains, so the number of the 
peaks in this region is correlated with the number of distinct tetrahedral chains in the structure. 
Thus, a singlet, doublet and quadruplet are expected to be observed in this frequency region for 
HPCEN, OEN and HPCEN2 respectively [Ross and Reynard 1999, Zhang et al., 2012]. In this 
case of HPCEN2 two of the tetrahedral chains have very similar O3-O3-O3 angles, yielding two 
bending frequencies that cannot be experimentally resolved because they closely overlap each 
other. Thus, a triplet is observed near 660-680 cm-1 for HPCEN2. Similar Raman peak splitting 
also occurs in peaks near 1100cm-1 which are assigned to a Si-O tetrahedral chain stretching 
mode. Due to the interference of strong ME peaks close to this frequency, Raman peaks from the 
sample near 1100cm-1 could only be observed when using CsBr as pressure medium. A singlet 
and doublet are observed near 1100cm-1 for SC OEN and Zabg OEN, respectively. Associated 
with the appearance of HPCEN2, a new peak is introduced, and results in a doublet and triplet 
for SC and Zabg samples, respectively. The differences between spectra for the two samples 
might due to the sample orientation. Although the features of the 660-680 cm-1 doublet and 
triplet become less distinct at high temperature due to line broadening (e.g. Fig. 4.3(a)), we were 
still able to identify the phases from the peaks close to 1100 cm-1 and also the lower frequency 
modes (e.g. strong intensity decay of the 403 cm-1 peak and appearance of 468 cm-1 peak at 12 
GPa, which are marked with blue and red arrows in Fig 4.3(a)&(b)). 
On compression, the OEN→HPCEN2 transition occurred at 13.4(1)GPa at 298K, 
13.9(6)GPa at 573K, 14.3(5) at 673K for Zabg OEN; 14.26(5)GPa at 298K, 14.0(1)GPa at 373K, 
16.1(2)GPa at 573K, 13.3(8) at 673K for SC OEN. During decompression the HPCEN2→OEN 
transition occurred at 11.03(1)GPa at 298K, 13.5(7)GPa at 573K, 11.7(8)GPa at 673K for Zabg 
OEN; 9.96GPa at 298K, 13.5(1)GPa at 373K, 7.1(1)GPa at 573K, 13.1(6) at 673K for SC OEN. 
Only the OEN and HPCEN2 polymorphs were observed for all P T conditions, including 
samples that were held at 673K for 24 hours, and cooled to room temperature.  
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4.4 Discussion and conclusion 
Pressures for the onset of the Pbca → P21/c transition (PTr) are similar at different temperatures 
for the two samples we examined (Fig 4.5). The Raman data points constrain the bounds on the 
Clapeyron slope (dP/dT) to be +0.00022 to +0.008 GPa/K for Zabg OEN, and -0.00067 to -
0.0031 GPa/K for SC OEN. These Clapeyron slopes consider only the width of the isothermal 
bracket for the reaction; that is, the pressure interval from the onset of the Pbca → P21/c on 
compression, and the reverse transition on decompression. Taking extremal bounds at the limits 
of the 1σ uncertainties in pressure give a wider range of Clapeyron of +0.020 to -0.0026 GPa/K 
for Zabg OEN, and +0.0023 to -0.0049 GPa/K for SC OEN. If we assume that the Clapeyron 
slope is, to first order, insensitive to composition, this constrains it to between 0.0023 and -
0.0026 GPa/K.  Although the brackets for dP/dT in our study are wide, the observed temperature 
dependence of the transition pressure is found to be flat or nearly so. 
It is curious that the hysteresis of SC OEN at 573K is ~9.0 GPa, which is much greater 
than that at either lower or higher temperatures. Hysteresis is especially pronounced for the 
decompression process: OEN did not appear until the pressure decreased to 7.1(1) GPa (Fig. 
4.3(a)). If hysteresis in the phase transition is due to a kinetic energy barrier between the two 
phases, we would expect the hysteresis to decrease with increasing temperature. That is, higher 
temperatures should results in a faster reaction rate that promotes completion of the transition. 
Thus, such large hysteresis at 573K is unexpected. However, at 673K, the hysteresis of SC-OEN 
decreased to less than 0.5 GPa (Fig. 4.3(a)). This indicates that the unusual hysteresis is not 
related only to temperature. At the same time, within the same chamber using the same CsBr 
pressure-transmitting medium, Zabg-OEN shows smaller hysteresis of 0.4 GPa and 0.5 GPa at 
573K and 673K, respectively (Fig. 4.3(b)). Both Zabg-OEN and SC-OEN should experience 
similar stress states, thus, the effect from differential stress seemed unlikely to account for such 
large hysteresis as observed for the SC-OEN at 573K. Additional studies addressing this type of 
observation are needed in the future, and higher temperature investigations are needed to better 
constrain the P-T slope of the reaction. 
For both Zabg-OEN and SC-OEN, there is a pronounced decrease in the pressure 
derivatives of the 660-680cm-1 triplet peak positions of HPCEN2, at 673K (Fig. 4.4). At lower 
temperatures, both the low-pressure OEN and high-pressure P21/c phases show similar slopes or 
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pressure dependencies of frequencies, δν/δT. This could indicate the onset of an elastic 
instability in HPCEN2 which would need to be evaluated by further insitu higher temperature 
studies. 
 Over the entire P-T range we have examined, the HPCEN (C2/c) and LPCEN (P21/c) 
phases were not observed; only the OEN (Pbca) and HPCEN2 (P21/c) phases were observed. 
After prolonged heating of the sample chamber at 16.6(10) Gpa and 673K for 24 hours, both 
samples remained HPCEN2 (P21/c). The products recovered at room P-T conditions were found 
to be OEN (Pbca), not LPCEN (P21/c). This experiment provides strong, although not definitive 
support for the stability of both OEN (Pbca) and HPCEN2 (P21/c). Taken together with the room 
pressure, high temperature experiments on OEN (Pbca) to over 1000 °C [e.g. Jackson et al., 
2004; Reynard et al. 2009], it appears that, OEN (Pbca) is the only stable phase of Mg-rich Ca-
poor pyroxene under ambient and uppermost upper mantle conditions. Our results suggest that 
OEN (Pbca) (instead of LPCEN (P21/c)), will be present in the upper mantle until it transforms 
into either HPCEN (C2/c) or HPCEN2 (P21/c), depending on the geotherm. An exception to this 
scenario may be highly deformed zones where large localized shear stresses may exist [Liu et al., 
2007; Bozhilov et al. 1999], and/or in water-rich zones such as the top of subducting slabs 
[Ulmer and Stalder, 2001]. The stability field for HPCEN2 (P21/c) is equivocal due to the limited 
temperature range of present experiments, future studies at higher temperatures (perhaps 
including laser heating) will be needed to fully clarify this issue. Although the relative stability 
of HPCEN2 (P21/c) over HPCEN (C2/c) is not determined with certainty, our experiments 
suggest that even metastable HPCEN2 (P21/c) may survive at least up to 673K at high pressure 
over long periods of time.   
In the upper mantle, the Al content in OEN tends to decrease as depth increases, while 
the Fe content tends to be relatively constant [e.g. Green and Ringwood, 1968]. In the deep part 
of the upper mantle, OEN would contain approximately 10mol% Fe and less than 1wt%Al. The 
transition pressure for OEN to HPCEN2 with this composition will be around 13 GPa at room 
temperature [Zhang et al. 2013]. Assuming the Clapeyron slope (dP/dT) of this transition is close 
to 0 GPa/K, consistent with this study (Fig. 4.5), the phase transition should occur slightly above 
the 410-discontinuity in the upper mantle. Seismic studies in several subduction zones around the 
globe indicate the presence of a low-velocity zone (LVL) above the 410 km discontinuity [e.g. 
Song et al. 2004; Revenaugh and Sipkin1994]. Explanations for this LVZ include an enrichment 
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of H2O or presence of a fluid phase on top of 410km discontinuity [Bercovici and Karado, 2003]. 
However, this deep seismic LVZ may find alternative explanations involving only the solid-state 
and phase transformations. Possibilities include the flow-induced alignment of anisotropic 
minerals, the presence of soft acoustic modes across the OEN-HPCEN2 transition, or intrinsic 
lowering of sound velocities due to absorption accompanying the phase transition [Li and 
Weidner, 2008]. Additional studies of the elasticity and rheology of OEN and its high-pressure 
phases will be necessary to explore the viability of these mechanism for explaining a LVZ atop 
the transition zone in the mantle. 
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Figures 
Figure 4.1 Ruby spectra at several temperatures 
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Figure 4.2 Typical Raman spectra for SC OEN with different incident laser polarizations; Purple 
arrows indicate strong peaks, grey arrows indicate weak peaks, orange arrows indicate where 
peaks are not present for a particular polarization, but present for other polarizations. 
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Figure 4.3 Selected Raman spectra of OEN and HPCEN2 for San Carlos (a) and Zabargad (b) 
samples at high P and several temperatures. Blue arrows indicate the disappearance or strong 
intensity decay of the 403 cm-1 peak in the HPCEN2 phase; red arrows indicate the appearance of 
a slightly higher frequency mode (468cm-1 peak at 12GPa) associated with the OEN→HPCEN2 
transition. Note that at P=11.0 GPa and 298K, the back transformation of to OEN has started, but 
is incomplete; both OEN and HPCEN2 are present at these conditions. 
(a) 
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Figure 4.3 (cont.) 
(b) 
 
 
83 
 
Figure 4.4 Raman frequency shifts of the “660-680 cm-1 doublet/triplet” as a function of pressure. 
The room-temperature high-pressure Raman spectra data are from Zhang et al. (2013). Dotted 
and dashed lines are linear least-squares fits to the OEN and HPCEN2 data, respectively. 
(a) Zabgard Island, Egypt sample.  
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Figure 4.4 (cont.) 
(b) San Carlos, Arizona sample;  
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Figure 4.5 Clapeyron slope dP/dT for the Pbca → P21/c transition. The room-temperature 
compression data points are from Zhang et al. (2012; 2013) 
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Tables 
Table 4.1 Pressure dependence of the Raman frequencies for San Carlos OEN at different 
temperatures 
OEN         ν= ν0+ a×P         SC  Fe,Al-bearing OEN 
T0=295K   (Pressure Medium 
ME) 
T1=373K   (Pressure Medium 
ME) 
T3=573K   (Pressure Medium 
CsBr) 
T4=673K   (Pressure Medium 
CsBr) 
ν0 a R2 ν0 a R2 ν0 a R2 ν0 a R2 
149(1) 1.6(1) 0.930 143(1) 2.0(1) 0.963 148(2) 1.5(1) 0.933 
   
170(1) 1.3(1) 0.923 172(1) 1.0(2) 0.969 167(5) 1.4(5) 0.789 
   
187(1) 1.4(2) 0.890 194(1) 0.8(1) 0.828 
      
193(1) 1.5(1) 0.965 195(2) 1.3(1) 0.900 195(2) 0.6(2) 0.565 192(1) 0.7(1) 0.859 
203(1) 2.4(1) 0.993 203(3) 2.2(3) 0.900 204(2) 2.2(2) 0.955 203(2) 2.3(2) 0.940 
238(1) 1.3(1) 0.919 240(1) 1.1(1) 0.997 233(5) 1.6(5) 0.646 240(2) 1.1(1) 0.849 
280(2) 2.0(2) 0.894 281(1) 1.8(1) 0.979 285(2) 1.3(2) 0.910 284(1) 1.4(1) 0.970 
296(3) 2.0(1) 0.954 295(2) 2.2(2) 0.941 
   
306(5) 1.1(4) 0.6 
324(2) 2.3(2) 0.949 325(1) 2.2(1) 0.979 
      
328(1) 3.1(1) 0.987 327(1) 3.2(1) 0.996 326(2) 3.1(2) 0.972 325(2) 3.0(2) 0.962 
347(2) 4.8(2) 0.980 348(1) 4.5(1) 0.996 350(2) 4.2(2) 0.989 345(1) 4.4(1) 0.994 
406(2) 3.1(2) 0.951 406(3) 3.0(2) 0.986 405(4) 2.9(4) 0.931 396(9) 4.3(9) 0.842 
443(1) 2.4(1) 0.994 442(1) 2.5(1) 0.994 444(6) 2.4(5) 0.751 452(5) 1.9(5) 0.832 
454(1) 2.4(1) 0.978 451(2) 2.6(1) 0.977 
      
465(1) 3.3(1) 0.995 477(1) 2.1(1) 0.991 
      
521(1) 2.8(1) 0.997 519(1) 2.9(1) 0.995 521(4) 2.5(4) 0.902 520(3) 2.5(3) 0.905 
549(2) 2.5(2) 0.951 547(1) 2.8(1) 0.992 
      
573(1) 2.3(2) 0.959 572(1) 2.3(1) 0.980 580(2) 1.4(2) 0.970 588(9) 0.9(7) 0.241 
663(1) 3.3(1) 0.995 662(1) 3.4(2) 0.989 667(1) 2.9(1) 0.992 663(1) 3.0(1) 0.988 
685(1) 3.1(1) 0.991 685(1) 3.1(2) 0.979 684(1) 2.9(1) 0.994 681(1) 2.9(1) 0.995 
751(1) 3.1(1) 0.996 749(1) 3.3(1) 0.993 
      
845(3) 2.8(3) 0.918 843(1) 2.8(1) 0.995 840(2) 2.9(2) 0.979 842(1) 2.4(1) 0.972 
932(1) 3.1(1) 0.994 927(1) 3.4(1) 0.996 927(2) 3.5(2) 0.986 922(2) 3.7(2) 0.975 
941(1) 4.7(2) 0.991 939(7) 4.8(6) 0.939 942(1) 4.6(1) 0.994 938(3) 4.7(2) 0.974 
      
1011(1) 5.1(1) 0.997 1007(1) 5.2(1) 0.994 
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Table 4.2 Pressure dependence of the Raman frequencies for San Carlos HPCEN2 at different 
temperatures 
HPCEN2         ν= ν0+ a×P         SC  Fe,Al-bearing OEN 
T0=295K quenched from 
T4 (Pressure Medium 
CsBr) 
T1=373K(Pressure Medium 
ME) 
T3=573K (Pressure Medium 
CsBr) 
T4=673K (Pressure Medium 
CsBr) 
ν at P=18.2(10)GPa ν0 a R2 ν0 a R2 ν0 a R2 
180 149(6) 1.5(3) 0.741 147(2) 1.2(1) 0.921 146(9) 1.9(7) 0.765 
200 209(7) 1.1(4) 0.522 206.3(2) 1.1(1) 0.886 
   
234 
   
199(1) 2.2(1) 0.996 
   
255 236(1) 1.1(1) 0.986 231(1) 1.3(1) 0.911 
   
    
244(1) 1.2(1) 0.890 247(6) 0.9(4) 0.635 
269 259(9) 0.9(4) 0.632 256(2) 1.0(2) 0.849 
   
325 292(3) 2.0(2) 0.927 302(1) 1.3(1) 0.933 302(9) 1.2(7) 0.374 
348 312(3) 1.9(2) 0.950 318(2) 1.4(1) 0.883 318(6) 1.7(4) 0.549 
397 339(9) 3.2(9) 0.765 322(3) 4.4(2) 0.980 325(9) 3.4(6) 0.917 
408 368(4) 2.1(3) 0.913 
      
426 
   
360(4) 3.5(1) 0.988 366(5) 2.8(4) 0.940 
473 399(4) 3.4(2) 0.970 397(3) 3.8(2) 0.970 
   
495 451(1) 1.8(1) 0.987 453(1) 1.8(1) 0.964 449(3) 2.3(2) 0.985 
    
518(3) 3.1(2) 0.952 515(6) 3.2(3) 0.621 
575 532(8) 2.6(5) 0.866 532(7) 2.5(5) 0.784 
   
 
602(1) 1.2(1) 0.990 603(3) 1.3(3) 0.695 603(6) 1.4(3) 0.765 
724 667(7) 2.9(5) 0.847 663(2) 3(1) 0.979 669(5) 3.2(3) 0.754 
752 688(4) 3.5(2) 0.973 693(1) 3(1) 0.985 
   
    
722(5) 1.5(5) 0.751 723(1) 1.1(1) 0.994 
877 830(6) 2.3(4) 0.837 826(1) 2.3(1) 0.971 823(9) 2.5(7) 0.874 
    
938(6) 2.6(4) 0.890 
   
1077 
   
1002(1) 4.2(1) 0.997 
  
0.917 
1096 
   
1017(2) 4.2(1) 0.989 1022(7) 2.9(60 0.871 
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Table 4.3 Pressure dependence of the Raman frequencies for Zabg OEN at different temperatures 
OEN         ν= ν0+ a×P         Zabg      near pure MgSiO3 
T0=295K   (Pressure Medium ME, after 
Zhang et al. 2013) 
T3=573K   (Pressure Medium CsBr) T4=673K   (Pressure Medium CsBr) 
ν0 a R2 ν0 a R2 ν0 a R2 
151(1) 1.8(1) 0.922 152(2) 1.8(2) 0.793 149(1) 2.2(1) 0.998 
172(1) 1.3(1) 0.972 174(1) 1.0(1) 0.902 173(1) 0.9(1) 0.920 
194(1) 1.0(1) 0.952 194(1) 0.9(1) 0.932 192(1) 1.0(1) 0.969 
199(1) 0.9(1) 0.936 197(1) 1.2(1) 0.785 
   
211(1) 2.2(1) 0.988 210(1) 2.0(1) 0.954 205(1) 2.3(1) 0.986 
240(5) 1.9(3) 0.973 238(2) 2.2(3) 0.878 241(3) 1.7(3) 0.899 
242(3) 2.6(3) 0.968 241(8) 2.7(8) 0.766 242(6) 2.8(4) 0.765 
263(1) 2.9(1) 0.988 265(2) 2.4(2) 0.933 257(2) 3.0(2) 1.0 
289(2) 1.9(2) 0.985 291(1) 1.2(1) 0.974 288(1) 1.5(1) 0.957 
305(1) 1.9(1) 0.987 306(2) 1.4(2) 0.942 308(2) 1.0(2) 0.850 
   
329(2) 3.6(2) 0.962 323(3) 3.8(3) 0.967 
         
345(1) 5.1(1) 0.989 350(2) 4.8(2) 0.974 342(2) 5.1(2) 0.990 
         
407(1) 3.4(1) 0.976 409(3) 3.6(5) 0.920 
   
425(3) 2.6(3) 0.814 423(1) 1.9(1) 0.968 422(1) 1.8(1) 0.992 
448(1) 2.5(1) 0.987 443(1) 2.6(1) 0.985 438(9) 3.3(9) 0.759 
         
         
527(1) 2.7(1) 0.981 520(2) 2.9(2) 0.938 516(4) 3.1(4) 0.918 
         
582(1) 1.9(1) 0.992 577(1) 2.0(1) 0.961 580(2) 1.7(2) 0.933 
         
666(1) 3.4(1) 0.993 669(2) 3.0(1) 0.968 661(2) 3.6(2) 0.985 
690(1) 3.2(1) 0.992 689(2) 2.8(2) 0.960 683(1) 3.1(1) 0.990 
752(1) 3.4(1) 0.990 744(4) 4.2(5) 0.940 745(5) 3.8(6) 0.544 
848(1) 2.4(1) 0.965 837(1) 3.0(1) 0.990 834(2) 3.0(2) 0.962 
930(1) 3.4(1) 0.995 929(2) 3.4(2) 0.971 929(3) 3.0(3) 0.944 
   
940(3) 4.8(3) 0.952 939(2) 4.7(2) 0.989 
   
1017(2) 5.0(2) 0.976 1012(2) 5.1(2) 0.988 
   
1037(2) 4.7(2) 0.974 1033(3) 4.6(3) 0.968 
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Table 4.4 Pressure dependence of the Raman frequencies for Zabg HPCEN2 at different 
temperatures 
HPCEN2        ν= ν0+ a×P         Zabg      near pure MgSiO3 
T0=295K   (Pressure Medium ME, after 
Zhang et al. 2013) T3=573K   (Pressure Medium CsBr) T4=673K   (Pressure Medium CsBr) 
ν0 a R2 ν0 a R2 ν0 a R2 
158(1) 0.8(1) 0.926   152(5) 1.0(4) 0.627 
169(1) 0.8(1) 0.919 166(1) 0.8(1) 0.984 163(9) 1.3(6) 0.516 
192(1) 0.6(1) 0.828 182(1) 1.1(1) 0.971 184(3) 1.0(1) 0.908 
    
215(1) 1.0(1) 0.895 211(1) 1.1(1) 0.942 213(1) 0.9(1) 0.916 
242(1) 1.0(1) 0.945 238(1) 1.1(1) 0.970 238(2) 1.0(1) 0.930 
250(2) 1.4(1) 0.805 249(1) 1.2(6) 0.488 249(3) 0.9(2) 0.769 
257(1) 1.6(1) 0.915 258(5) 1.2(5) 0.488 260(8) 0.9(6) 0.419 
273(2) 1.8(1) 0.891 274(9) 1.5(9) 0.234 265(6) 2.0(4) 0.9 
305(1) 1.5(1) 0.935 302(3) 1.9(2) 0.946 309(5) 1.0(3) 0.604 
310(2) 1.5(1) 0.876 313(1) 1.9(1) 0.984 317(3) 1.6(2) 0.874 
313(6) 2.6(4) 0.788 308(3) 2.6(2) 0.988 
343(2) 2.8(2) 0.957 342(9) 2.4(8) 0.642 
352(3) 3.0(2) 0.936 348(7) 2.9(4) 0.897 347(9) 2.0(7) 0.664 
372(2) 2.2(1) 0.905 368(2) 2.1(1) 0.982 365(5) 2.3(3) 0.895 
374(4) 3.0(3) 0.856 371(5) 3.3(3) 0.929 363(7) 3.3(5) 0.895 
401(2) 2.3(1) 0.929 402(9) 2.0(6) 0.835 400(8) 3.6(6) 0.890 
408(3) 2.3(2) 0.843   410(3) 1.6(2) 0.921 
424(5) 2.3(3) 0.644 428(2) 2.8(2) 0.979 428(9) 3.8(8) 0.806 
442(2) 2.2(1) 0.903 440(4) 2.2(2) 0.974 
457(2) 1.9(1) 0.916 453(3) 1.8(2) 0.931 
528(3) 2.8(2) 0.878 525(1) 3.0(1) 0.999 521(6) 2.8(4) 0.896 
534(2) 2.9(2) 0.920 529(9) 3.1(6) 0.857 527(8) 2.9(5) 0.904 
575(4) 2.6(3) 0.896 582(3) 2.6(2) 0.965 579(7) 2.1(1) 0.707 
595(2) 2.0(1) 0.901   591(6) 1.9(4) 0.782 
673(2) 2.8(2) 0.913 666(3) 2.9(2) 0.958 670(7) 2.6(5) 0.760 
685(2) 2.7(1) 0.963 679(2) 2.9(2) 0.979 684(5) 2.4(4) 0.896 
702(2) 3.0(1) 0.957 694(2) 3.1(2) 0.981 695(6) 2.9(5) 0.887 
825(1) 2.5(1) 0.963 815(2) 2.8(1) 0.978 819(3) 2.5(2) 0.958 
846(2) 1.4(1) 0.764 846(4) 3.2(2) 0.967 
940(3) 2.4(1) 0.858 929(4) 2.9(2) 0.947 934(9) 2.4(7) 0.652 
  1015(3) 3.6(2) 0.974 1014(8) 3.5(6) 0.885 
  1027(5) 4.0(3) 0.947 1029(9) 3.6(7) 0.822 
      1038(5) 4.5(3) 0.958 1040(6) 4.2(4) 0.946 
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Table 4.5 Comparison of Raman frequencies with previous studies; Note: strong peaks are in 
bold format; Intermediate peaks are in normal format; weak peaks are in inclined grey format. 
OEN, ambient condition HPCEN2, normalized to 12.5GPa 
Previous studies T=298K This study 
T=573K Previous studies T=298K 
This study 
T=573K 
Stalder 
et al. 
2009 
Huang 
et al. 
2000 
Lin 
2003 Chopelas1999 
Zhang 
et al. 
2013 
Zabg SC Lin 2003 Chopelas1999 
Zhang 
et al. 
2013 
Zabg SC 
  
83 83 
   
94.9 95 
   
  
106.8 
    
139.1 136 
 
135 
 
  
115.4 115 
   
168.8 166 168.3 
 
 
133.8 
 
134.3 134 137.4 
 
 
178.1 175 179.7 176 
 
  
155.3 153 
 
152 148 
 
183 
   
  
161.5 
  
174 167 197.5 196 199.2 195 195.7 
  
166.7 166 170.2 194 195 
 
204 
   
    
190.1 197 
 
225.5 224 227.9 225 223.7 
197.5 
 
196.9 197 196.5 
 
 
 
232 
   
    
201.1 210 204 251.7 251 254.4 251 251.7 
206.4 
 
206.5 
 
208.3 238 233 
 
262 267.5 264 
 
   
237 240.1 241 
 
273.9 272 276.2 273 
 
239 238 238.2 239 241.1 
  
  
280.8 
  
  
244.8 245 246.3 265 
 
291.6 290 295.3 292 289 
   
261 260.8 
 
  
304 
   
    
271.6 
 
 
314.5 320 323.6 325 318.9 
  
278.2 
  
291 285 338 337 329.4 337 338.4 
    
286.5 
  
  
341.3 
  
302.5 298 301.5 302 303.2 306 
   
345.6 341 
 
  
323.3 
  
329 326 
 
373 358.1 372 368.5 
  
327.7 
    
383.4 382 377.7 384 377.6 
    
340.3 
  
395.1 394 388.7 395 395.3 
    
342.9 
    
399.6 
  
343.9 344 343.5 343 345.4 350 350 407 406 412.1 412 404.4 
    
374 
  
431.2 429 430.2 427 427.8 
385.2 
 
383.8 
 
381 
  
434.9 
 
436.3 
 
 
402.8 407 402.1 402 402.6 409 405 447.3 446 452.9 464 444 
422.7 422 421.7 422 424.2 423 
 
466.3 463 469.3 468 463.7 
445.9 447 445.5 446 445.4 443 444 476.5 476 480.2 476 475.6 
    
448 
  
496.8 494 499.4 
 
494 
  
458.8 457 458.6 
   
512 
  
508 
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Table 4.5 (Cont.) 
  
472.9 
 
478.7 
   
534 528.9 
 
525 
   
487 488.3 
  
559.8 558 562.9 562 557.1 
527 522 524.9 519 528.1 520 521 
 
566 570.9 567 570 
       
578.7 588 583.3 
  
540.8 543 
 
540 541.9 
    
600.9 
  
553.5 551 551.5 553 554.5 
    
607.2 
  
581 582 580.3 580 582.1 577 580 
  
620.4 614 616.1 
  
594.5 
    
704.1 704 708.4 702 706.9 
664.8 665 663.8 665 664.9 669 667 716.2 717 719.6 715 716.5 
687.1 685 686.1 687 687.7 689 684 
 
725 
   
       
736.1 735 739.8 733 735.9 
 
751 750.7 
 
752.7 744 
   
780.1 
  
853.2 856 851.1 
 
851 837 840 
  
814 
  
   
886 
   
851.9 847 856.1 850 
 
927.9 931 926.6 927 929.6 929 927 
 
874 864.5 
 
862 
936.5 
 
935.2 937 
 
940 942 888.9 888 893.1 886 893.8 
1013.2 1013 1011.3 1014 
 
1017 ### 924.7 924 
   
1034.7 1035 1032.9 1034 
 
1037 
 
955.3 964 969.5 965 969 
. 
 
1030 
   
1056 1057 
 
1060 
 
1073 1075 
 
1077 
 
1093 1093 
 
1094 
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Chapter 5 
Acoustic Response: a Single-crystal Brillouin Spectroscopy 
Study 
93 
 
Abstract1 
Sound velocities and elastic moduli have been measured on iron-bearing orthoenstatite single 
crystals up to 12.06 GPa by Brillouin spectroscopy. A fourth order finite strain fit to the data 
yields pressure derivatives of Ks′= 8.8 and G′= 2.9 for the adiabatic bulk modulus (Ks) and shear 
modulus G respectively. These values are significantly higher than those for other major mantle 
minerals up to 10.50 GPa. Pronounced increase of shear anisotropy happened as pressure 
increased to 12.06 GPa. This coincides with the phase transition from orthoenstatite to a new-
discovered monoclinic high-pressure phase with space group P21/c. A seismic anisotropy change 
is expected if orthoenstatite and the new-discovered P21/c phase exist in the upper mantle. 
 
1Material in this chapter work is planned to be submitted for publication to Geophysical Resesarch Letters 
(or other journal). All figures, tables and data presented here were created by Jin Zhang, unless otherwise 
indicated. 
94 
 
5.1 Introduction 
Orthoenstatite (OEN) with approximate composition (Mg,Fe)SiO3, is a major mineralogical 
constituent of all proposed petrologic models of the earth’s upper mantle up to ~500km depth. 
Previous studies indicate that the pressure dependences of the elastic moduli of OEN are the 
largest of any of the major minerals of the upper mantle. In particular, values of the room-
pressure derivative of the bulk modulus K0′ are reported in the range of 7~12 [Webb and Jackson, 
1993; Zhao et al., 1995; Flesch et al., 1998; Jackson et al., 1999; Kung et al., 2004; Angel and 
Jackson, 2002]. Depending on the OEN content of the upper mantle, these high K0′ values would 
significantly affect velocities gradients in the upper mantle.  However, most previous high-
pressure measurements have been performed either on pure MgSiO3, which is not a 
representative chemical composition for OEN in the mantle, and/or were carried out over a small 
pressure range compared with the stability of OEN in the mantle. Moreover, experiments 
performed on polycrystalline OEN samples obscure the details of pressure-induced changes in 
the single-crystal elastic moduli and elastic anisotropy [Webb and Jackson, 1993; Zhao et al., 
1995; Flesch et al., 1998; Jackson et al., 1999; Kung et al., 2004; Angel and Jackson, 2002]. 
High-pressure elastic modulus measurements using iron-bearing single-crystal OEN are needed 
for geophysical applications.  
It is worth noticing that the high-pressure behavior of OEN (space group Pbca) is quite 
different from low pressure clinoenstatite (LPCEN, space group P21/c), which is considered as 
the stable polymorph under ambient conditions. OEN will transform into a high-pressure 
monoclinic form HPCEN2 (space group P21/c, different from LPCEN) under room temperature 
high-pressure condition, while LPCEN will transform into another different monoclinic form 
HPCEN (space group C2/c) [Zhang et al., 2012; Kung et al., 2004; Lin, 2003]. Both of LPCEN 
and OEN will transform into HPCEN under simultaneously high-pressure high-temperature 
conditions [Pacalo and Gasparik, 1990; Kanzaki, 1991; Angel et al., 1992; Ulmer and Stadler, 
2001]. Chemical impurities induced in the synthesis process (e.g. Mo, V, H2O, MgCl2 etc.) and 
environmental deviatoric stresses were proved to be able to stabilize LPCEN (and other 
metastable phases in Mg-rich pyroxene system, e.g. proto-enstatite) [Koe and Kirby, 1975; Frost 
et al., 1978; Ito, 1975; Grover, 1972; Vaughan and Bass, 1983]. However, compositional 
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variations for upper mantle OEN (trace impurities Fe, Al and Ca) are unlikely to change the 
phase relations completely, although might induce phase boundary shifting toward higher or 
lower pressures [Zhang et al., 2013]. In a word, it is highly unlikely, although not completely 
ruling out the possibility of the existence of LPCEN in nearly water and deviatoric stress-free 
upper mantle. As a result, different combinations between the other three phases (OEN, 
HPCEN2, HPCEN) could present in the real upper mantle depending on the geotherm. It has 
been proposed that the high-pressure phase transition of OEN could possibly be related to 
discontinuities in deeper part of the upper mantle [Akashi et al., 2009; Deuss and Woodhouse, 
2004; Woodland, 1998]. Thus the quantification of sound velocity change for all these possible 
phase transition is important for understanding the upper mantle seismic signatures. Aggregate 
sound velocities’ change associated with OEN-HPCEN transition of pure Mg end member 
composition has been studied by Kung et al. (2004), while no such information is available for 
the OEN-HPCEN2 transition.  
In order to solve the two problems described above, we performed Brillouin scattering 
experiments up to 12.06 GPa on single-crystal iron-bearing OEN to investigate the pressure 
induced elastic properties change of OEN with a mantle-like composition. 
5.2 Experimental Methods 
Three high quality OEN single crystals with lattice parameters of a=18.268(9)Å, 
b=8.821(4)Å, c=5.197(2)Å,  and chemical composition of 
(Mg1.74Fe0.16Al0.05Ca0.04Cr0.02)(Si1.94Al0.06)O6, ρ=3.288(4) g/cm3) were polished into plate-like 
samples. Four samples were used in the experiments, two with face normals nearly parallel to 
(100) and one each for (010) and (011). Orientation matrices were determined using a 4-circle X-
ray diffractometer, which allowed us for accurate determinations of the polished crystal surfaces 
using optical goniometry [Bass, 1989]. The phonon directions for each measurement could be 
calculated from the X-ray orientation matrix and the three Eularian angles of the goniometer, 
errors are less than one degree. All high-pressure experiments were performed with a modified 3-
pin Merrill-Bassett-style diamond anvil cell with a 90° conical aperture. A polished sample 
(~30µm thickness and ~ 100×100µm size) together with at least 4 ruby balls were loaded into a 
sample chamber (DIA~ 185 µm or 235µm) drilled into a pre-indented stainless steel gasket. 
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Methanol-ethanol-water (MEW=16:3:1) was used as the pressure-transmitting medium for three 
samples with three different orientations, and Neon was used for the additional sample with 
plane normal close to (100).  Neon was loaded using the gas loading system at 
GeoSoilEnviroCARS (GESCARS, Sector13) in Advanced Photon Source, Argonne National 
Laboratory [Rivers et al., 2008]. Pressures were obtained through ruby fluorescence [Mao et al., 
1986]. The largest difference in pressure measured from all rubies in any given run was smaller 
than 0.05 GPa. The elastic moduli were determined by Brillouin scattering [Bass, 1989]. For 
room-pressure measurements a 90° scattering geometry was used, whereas for high-pressure 
measurements, an 80° or 50° scattering geometry was employed. The scattering angle calibration 
and system setup was fully described elsewhere [Zhang et al., 2011]. All spectra were of 
excellent quality with a high signal to noise ratio (Fig. 5.1). Velocities were calculated by 
averaging the Stokes and anti-Stokes Brillouin frequency shifts.   
5.3 Results and discussion 
5.3.1 Brillouin scattering and high pressure elasticity of OEN 
Brillouin scattering spectra were first collected in high-pressures using MEW as pressure 
medium. For three samples with plane normal close to (100) (010) and (011), measurements 
were made in 15° intervals over a 180° rotation on the χ-circle, giving velocities in a total of 39 
different directions at each of 8 pressures, (1bar, 4.00 GPa, 5.01 GPa, 5.99 GPa, 7.46 GPa, 8.99 
GPa, 10.50 GPa and 12.06 GPa). In most directions, both longitudinal and shear wave velocities 
were obtained, and in a number of directions two shear modes are observed. However, some 
shear modes of OEN at 4.00 GPa and 5.01 GPa, especially in phonon directions close to (100) 
plane, overlapped with the compressional modes from the MEW pressure medium, making the 
shear-related elastic constants for those two pressures less well constrained.  For this reason, we 
loaded another (100) sample using Ne as pressure medium, and performed additional 
measurements at 4.00, 5.01 and 12.06 GPa in 10° intervals, giving velocities at additional 19 
directions at those three pressures. In order to make sure the phases obtained at 12.06GPa is 
HPCEN2, we over pressurized the sample chamber to ~ 18GPa and then decreased the pressure 
down to 12.06 GPa. 
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A least-squares inversion of the Christoffel equation was used to calculate a set of best-fit values 
for the nine independent single-crystal elastic moduli (Cij) of OEN at 1 atm. [Weidner and 
Carleton, 1977]. Three different sets of initial Cij’s were used to ensure that the calculated results 
are not sensitive to the stating model. The final results yield an RMS residual (difference 
between the observed and model velocities) of less than 0.03km/s (Fig. 5.2). The excellent fit 
gives an error for the calculated Cij of less than 1%. The aggregate longitudinal velocity (Vp), 
shear velocity (Vs), bulk modulus (Ks) and shear modulus (G) were calculated from the Cij’s 
using the Voigt-Reuss-Hill averaging scheme [Hill, 1963]. A comparison with previous results 
shows good agreement (Table 5.1). 
High-pressure Cij’s and bulk elastic properties were calculated iteratively, using the procedure 
outlined by Sinogeikin and Bass (2000). Because of the pronounced curvature in the trend of Ks 
and G with pressure, a 4th order fit using the finite strain equations of state of Davies and 
Dziewonski [Davies and Dziewonski, 1975] provides a significantly better fit than a 3rd order fit 
to the data at high pressure (Fig. 5.3), in detail, Ks’=8.8, Ks’’=-0.68, G’=2.9, G’’= -0.40 (Table 
5.2). 
Compared with previous ultrasonic studies on polycrystalline samples [Flesch et al., 1998; Kung 
et al., 2004; Kung et al., 2005], our results yield systematically higher values of K and G over the 
entire experimental pressure range, and especially at P>6.00 GPa (Fig. 5.3). The single-crystal 
results of Chai et al. (1997) are in close agreement with our results, despite substantial 
differences in Al content, with the exception of the 1-atm. value of G. The shear moduli of Chai 
et al. (1997) do, however, converge with our results at higher pressures (Fig. 5.3). Comparing 
our sample with samples in previous studies, despite the ~10mol% Fe, the Al content in our 
sample is significantly higher than all the others, except the KBH sample used in Chai’s study, 
which has twice as much Al as in our sample. This might indicate a significant contribution from 
Al to the increase of elastic moduli at high pressure. The results of Webb and Jackson (1993), on 
a sample with higher Fe content, suggested that the pressure derivatives of K and G decrease 
rapidly with pressure, becoming comparable to those of other minerals above ~2 GPa. In contrast, 
our results show that K’ and G’ of OEN remain relatively high over the pressure range of our 
experiment; at 10.50 GPa K’ is still over 5, substantially higher than typical values for other 
upper mantle silicates (~4) [Zhang et al., 1997; Zha et al., 1998; Murakami et al., 2008]. 
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5.3.2 Phase Transition 
Up to 10.50 GPa, the velocity increases monotonically for all directions measured in our 
experiments. In contrast, the longitudinal velocity distributions for some directions in the near 
(100) plane changed abruptly after the pressure was increased from 10.50 to 12.06 GPa (Fig. 
5.4). The change in character of the velocities between 10.50 and 12.06 GPa suggested that a 
phase transition occurred in that pressure interval. The implied transition pressure, Tr, of 10.50< 
PT<12.06 GPa during the compressional process is lower than the transition pressure constrained 
by single crystal X-ray diffraction which bracketed the transition pressure between 12.66 and 
14.26 GPa during the compressional process [Zhang et al., 2012]. This could due to either the 
kinematic barriers of this transition, or the possible minor differential stress produced by MEW 
under this pressure, or both. Considering the rapidity of this transition, the kinematic barrier 
between the two phases tends to be small. Ne was used as pressure medium in single crystal 
XRD experiments for which the differential stress was merely detectable while in this study the 
pressure medium MEW transformed into a solid ~ 11.4 GPa. Pyroxene structures have already 
shown to be very sensitive to the differential stress field [Coe and Kirby, 1975; Frost et al., 
1978], thus the differential stress is a more preferred explanation for the discrepancy of the 
transition pressure between the two experiments. 
In order to resolve the single crystal elastic constants for HPCEN2 phase, we recalculated the 
phonon directions for all 58 measurements based on the orientation matrix of HPCEN2 obtained 
from single crystal X-ray diffraction. The density of HPCEN2 at 12.06GPa is calculated from the 
density obtained from single crystal X-ray diffraction at14.26GPa (ρ=3.670(4) g/cm3) by 
assuming the pressure derivative of density is the same for both OEN and HPCEN. Using the 
same method except using monoclinic instead of orthorhombic inversion model, we were able to 
obtain full Cij matrix of HPCEN2. 
The bulk modulus and shear modulus have increased 5.0% and 4.2% after the phase transition, 
respectively. Most single crystal elastic moduli increase after the phase transition, with the 
exception of C55, which decreased after the transition (Fig. 5.5). C55 corresponds to the rigidity in 
a-c plane, the softening of C55 agrees with the large change in O3-O3-O3 angles across OEN-
HPCEN2 phase transition as indicated by structural refinements of single crystal diffraction data 
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[Zhang et al., 2012]. These effects lead to a significant increase of shear anisotropy (AS) between 
10.50 GPa and 12.00 Gpa (Fig. 5.5).   
Another interesting is, as pressure increase, the difference between the stiffness along c direction 
(C33) and the stiffness along a direction (C11) becomes smaller and smaller and finally C33 first 
overcomes C11 at 10.50 GPa and more after the transition. This agrees with the decreased 
compressional anisotropy (AP) up to 10.50 GPa for OEN and a significant increase after the 
transition (Fig. 5.6). It might be an indication of the internal structure adjustment as a response of 
pressure. When pressure exceeds the limit, the change in O3-O3-O3 angle and the related 
tetrahedral rotation would help relax the structural stress, leading to an even larger C33-C11. 
Possibly, the over cross of C11 and C33 might be the critical point of the structural stability of 
OEN. Further theoretical investigations would be needed to evaluate these criteria. 
Comparing with the first principle calculation result by Li et al. (2013), the decreased trend of 
C55 with the phase transition was predicted, but the exact value of elastic moduli was much lower 
than our measured value. In detail, C11, C22, C44, C55, C66, C23 are about 10% lower, while C12, 
C46, C33 are about 20% lower and C13 is about 30% lower. Both the calculated and the measured 
C15, C25, C35 are close to zero. The compositional difference might be able to account for the 
~10% difference in most of the compression-related Cijs except C33, but the shear-related Cijs 
are too low to be explained by pure compositional effect (Fig. 5.5&5.6). The calculated results 
are likely to underestimate the shear-related Cijs. In addition, as a natural consequence of their 
underestimation of C33 by ~20%, the calculation was not able to predict the decreasing trend of 
C11-C33 as well as the overlap between them.  
To summarize, the OEN (Pbca) to HPCEN2 (P21/c) phase transition was characterized by the 
elastic anisotropy change induced by the converging and crossover between C11 and C33, as well 
as the decrease of C55. Using a universal elastic anisotropy index AU defined by Ranganathan 
and Ostoja-Starzewski (2008), the anisotropy change is 50.6% (Fig. 5.3). 
5.4 Conclusion 
We have determined full single crystal elastic constants of natural Fe-bearing orthoenstatite and 
its new discovered high-pressure polymorph HPCEN2 (space group P21/c) using Brillouin 
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spectroscopy.  The obtained K and G of orthoenstatite are systematically higher than previous 
ultrasonic studies on polycrystalline pure MgSiO3 samples over the entire experimental pressure 
range, although in close agreement with Chai et al. (1997) whose sample is naturally enriched in 
Al. This indicates that the compositional effect, especially Fe and Al could not be ignored for the 
high-pressure elasticity of orthoenstatite. The new discovered OEN-HPCEN2 transition is 
characterized by ~5.0% and 4.2% jump in K and G, as well as the significant increase of shear 
anisotropy. This transition could lead to a weak seismic discontinuity with significant anisotropy 
change if OEN and HPCEN2 exist in the upper mantle. 
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Figures 
Figure 5.1 Typical Brillouin spectrum with Stokes and anti-Stokes peaks at χ=210° at ambient 
conditions with collection time about 12 minutes.  
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Figure 5.2 Measured acoustic velocities of OEN as a function of phonon directions within the 
sample plane. Solid lines are the acoustic velocities calculated from the best-fit elastic constant 
model, diamonds are the experimentally determined velocities. Errors are within the size of the 
symbols. 
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Figure 5.3 Effect of high pressure on VRH averaged bulk and shear moduli and universal 
anisotropy before and after the OEN- HPCEN2 transition; universal anisotropy index AU is 
defined as 5×GV/GR+KV/KR-6 after Ranganathan and Ostoja-Starzewski (2008). 
108 
 
Figure 5.4 Vp Anisotropy change on plane (0.92455 -.27380 0.26510) along with OEN- 
HPCEN2 transition. 
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Figure 5.5  Effect of high pressure on C44 C55 C66 and shear anisotropy before and after the OEN- 
HPCEN2 transition; Shear anisotropy AS is defined as (VsMAX-VsMIN)/VsVRH. 
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Figure 5.6 Effect of high pressure on C11 C22 C33 and compressional anisotropy before and after 
the OEN- HPCEN2 transition; Compressional anisotropy AP is defined as (VpMAX-VpMIN)/VpVRH; 
Notice the crossover of C11 and C33 near 10.50 GPa and its coincidence with the minimum of 
compressional anisotropy. 
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Tables 
Table 5.1 Single crystal elastic Moduli for Orthoenstatite 
 This study Chai et al., [1997] Webb and Jackson, [1993] 
Jackson et al., 
[2007] 
Fe% 0.08 0.085 0.2 0.002 
Al% 0.055 0.115 0.007 0.004 
C11, GPa 232.2(5) 236.9(10) 231 236(1) 
C22, GPa 175.7(7) 180.5(8) 169.8 173(1) 
C33, GPa 222.9(6) 230.4(10) 215.7 216(1) 
C44, GPa 82.2(4) 84.3(12) 82.8 84(1) 
C55, GPa 77.3(3) 79.4(8) 76.5 79(1) 
C66, GPa 78.1(6) 80.1(12) 78.1 80(1) 
C12, GPa 79.5(9) 79.6(16) 78.9 74(2) 
C13, GPa 61.2(6) 63.2(18) 61.4 57(2) 
C23, GPa 54.1(8) 56.8(24) 49.1 50(2) 
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Table 5.2 High pressure single crystal elastic moduli for OEN and HPCEN2  
Pressure, GPa 0.00001 4.00 5.01 5.99 7.46 8.99 10.50 12.06 
ρ, g/cc 3.288 3.393 3.416 3.439 3.471 3.501 3.531 3.636 
C11, GPa 232.2(5) 275.1(9) 282.2(12) 288.7(7) 301.9(8) 311.2(8) 316.9(10) 342.8(18) 
C22, GPa 175.7(7) 213.3(8) 220.4(11) 224.1(12) 234.6(13) 247.4(12) 255.2(16) 271.0(18) 
C33, GPa 222.9(6) 271.2(6) 274.7(9) 287.7(7) 299.4(8) 307.9(8) 319.8(11) 348.7(15) 
C44, GPa 82.2(4) 91.1(4) 92.3(6) 94.9(6) 96.7(6) 97.6(6) 97.6(8) 105.0(9) 
C55, GPa 77.3(3) 84.8(9) 85.8(13) 89.6(3) 90.4(4) 91.1(4) 91.7(5) 91.0(8) 
C66, GPa 78.1(6) 92.5(6) 94.9(18) 97.3(8) 95.9(6) 99.1(6) 103.4(8) 114.2(11) 
C12, GPa 79.5(9) 105.4(51) 109.4(24) 112.5(15) 122.7(17) 129.6(16) 134.9(20) 154.2(38) 
C13, GPa 61.2(6) 92.9(26) 95.7(38) 98.6(9) 107.4(10) 113.5(10) 121.3(13) 135.4(21) 
C23, GPa 54.1(8) 85.4(7) 89.1(9) 93.7(10) 100.9(12) 110.7(11) 118.0(13) 129.9(16) 
C15, GPa        0.0(12) 
C25, GPa        3.8(18) 
C35, GPa        0.1(12) 
C46, GPa        -9.3(10) 
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Chapter 6 
Single-crystal Laser Heating Brillouin Spectroscopy & Brillouin 
Spectroscopy with variable q: Design & Demonstration 
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Abstract1 
We present a Brillouin spectroscopy system integrated with CO2 laser heating and Raman 
spectroscopic capabilities. High-pressure laser heating experiments have been performed on 
liquid water compressed in a diamond-anvil cell without a pressure-transmitting medium. 
Temperature was determined by grey-body radiation and system response was calibrated relative 
to a standard tungsten ribbon lamp. Brillouin velocity measurements on liquid water and ice 
were obtained at elevated temperatures up to 2500 ± 150 K at high pressure. Intensity changes as 
well as frequency shifts of Brillouin peaks were observed at different temperatures. Raman 
spectroscopic capability was illustrated by measuring calcite and orthoenstatite under ambient 
conditions. Single-crystal laser heating Brillouin measurement was made on San Carlos Olivine 
on the (111) plane at ~13 GPa, 1300 ± 200 K. I show that thermal pressure is almost negligibly 
small based on our observation that the olivine-wadsleyite transition did not occur. This could be 
due to the use of KCl and KBr, instead of a rare gas as a pressure-transmitting medium. In 
addition, this system is designed for continuously varying scattering angles from near forward 
scattering (0º scattering angle) up to near back scattering (~141º) by including a rotational stage 
and using a compact 532nm diode-pumped solid-state laser. This novel setup allows us to probe 
a wide range of wave vectors q for investigation of phonon dispersion for crystals with large unit 
cells on the scale of hundreds of nm. 
 
1Material in this chapter work is planned to be submitted for publication to the Review of Scientific 
Instruments (or similar) journal. Materials in section 6.3.3 have been submitted for publication to Phyics 
Review B and as Zhu, G., Swinteck, N.Z., Wu, S., Zhang, J. S., Pan, H., Bass, J. D., Deymier, P. A., 
Banerjee, D. and K. Yano (2013), Direct observation of phononic dispersion of a three-dimensional 
solid/solid hypersonic colloidal crystal, Phys. Rev. B. 88, 144307. All figures, tables and data presented 
here were created by Jin Zhang, unless otherwise indicated. 
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6.1 Introduction 
Experimental studies of sound velocities of Earth’s candidate mantle minerals under relevant 
high-pressure and high-temperature conditions are essential for understanding the chemical 
composition, physical structures and dynamical processes inside the Earth. Specifically,  direct 
comparison between the experimentally determined sound speeds to seismically measured sound 
velocities provides a direct tool to address these issues [Bass, 2007]. Although experimental 
predictions qualitatively match seismic observations very well, large discrepancies still exist 
quantitatively. For example, the depths of major seismic discontinuities (e.g. 410 km 
discontinuity) are in general agreement with the experimentally estimated pressure-temperature 
range of related phase transitions (e.g. olivine-wadsleyite transition), but relative mineral 
proportions inferred from magnitudes of major seismic discontinuities (e.g. 410 km discontinuity) 
are far from those for a mantle model rock composition (e.g. pyrolite) [Ringwood 1962; Zha et al. 
1997; Kennett et al. 1995; Benz and Vidale 1993; Matas et al. 2007]. Local and global velocity 
gradients as a function of depth also differ significantly from experimental predictions in the 
transition zone (depth range ~410-670 km) [Bass and Anderson, 1984; Irifune et al. 2008]. 
Connection between seismic anisotropy to Earth’s dynamic flow field has not been reliably 
established [Endrun et al. 2011; Romanowiz and Yuan, 2012; Zhang and Karato, 1995; 
Holtzman et al. 2003, 2010]. Moreover, pronounced differences also exist between laboratory 
measurements using different techniques [e.g. Li et al. 2009; Murakami et al. 2012]. These 
problems are largely due to the limited pressure and/or temperature coverage of the existing 
experimental data. Application of experimental results obtained under limited pressure and 
temperature conditions would require long extrapolations to realistic mantle pressure and 
temperature conditions, which may yield undependable predictions in the unexplored pressure 
and temperature range. 
The most commonly used high-pressure apparatuses for mineral physics studies are 
multi-anvil press and diamond anvil cell. Pressure within multi-anvil press is limited to ~30GPa 
at elevated temperatures, which is relatively low compared with pressures inside of Earth (135 
GPa to the bottom of lower mantle and over 300GPa in the core), although when combined with 
resistance heating, temperature could reach ~1500 K with a relatively small temperature gradient 
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inside the sample chamber [Liebermann, 2011] . The advantage of using diamond anvil cell is its 
ability of generating extremely high pressures to more than 300 GPa [e.g. Kuwayama et al., 
2008].  However, by using regular metal resistance heaters (e.g. Pt/Rh heating wires) associated 
with diamond anvil cell, working temperature is usually limited to under 1000 K [e.g. Bassett et 
al., 1993; Fei, 1999; Zhang et al. 2014].  In order to obtain high pressure and high temperature 
simultaneously, infrared laser heating (CO2 laser or Nd-YAG laser) is introduced to work with 
diamond anvil cell; under such setup, temperatures of several thousand K could be obtained at 
high pressures. Experiments using laser heated diamond anvil cell have been successfully 
performed in combination with synchrotron powder X-ray diffraction and Brillouin spectroscopy 
recently [Yagi and Susaki, 1992; Fiquet et al., 1996; Shen et al. 2001; Meng et al. 2006; Li et al. 
2006; Prakapenka et al. 2008; Murakami et al. 2009].  
Experimentally determined sound velocities of Earth materials can be obtained through 
Brillouin scattering, stimulated light scattering, inelastic X-ray scattering, nuclear resonance 
inelastic X-ray scattering or GHz/MHz ultrasonic measurements [e.g. Sinogeikin and Bass, 1999; 
Chai et al. 1997; Jacobsen et al. 2002; Kung et al. 2004; Hu et al. 2003; Antonangeli et al. 2011]. 
Polycrystalline samples are usually used for ultrasonic sound velocities measurement with the 
multi-anvil press [Liebermann, 2011]. Other sound velocity measurement techniques are mostly 
used with a diamond anvil cell. Brillouin scattering is an ideal tool for measuring sound 
velocities of mantle silicates. Firstly, it is an optical and non-contact experimental technique, 
which can be applied to transparent samples as small as 30×30×10um., Therefore measurements 
at >100GPa are possible [e.g. Murakami et al. 2007, 2012]. Secondly, it is an optimized tool for 
studying single-crystal elastic properties, which describe the directional dependence of sound 
velocities for a single crystal. Such information is crucial for understanding the dynamic mantle 
flow field through observed seismic anisotropy.  Flow induced anisotropy is believed to be 
related to lattice preferred orientation (LPO) of acoustically anisotropic minerals [e.g. Zhang and 
Karato, 1995]. To quantify the contribution from LPO of an anisotropic mineral to the overall 
observed anisotropy under a prescribed flow field, acoustic anisotropy of the relevant minerals 
have to be well defined under the studied pressure temperature conditions. Unfortunately, there 
are no such studies available to our knowledge. 
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Compared with the two currently existing laser heating Brillouin spectroscopy systems in 
the world [Li et al. 2006; Murakami et al. 2009], we are aiming at a laser heating Brillouin 
spectroscopy system optimized for measuring transparent single crystals using forward 
symmetric scattering geometry, as opposed to the aggregate studies by Murakami et al. (2009) 
and backscattering geometry used by Li et al. (2006). The setup for temperature measurement 
through grey-body radiation could also be used for regular Raman spectroscopy experiments. In 
addition, our Brillouin spectroscopy system has been designed so that the scattering angle can be 
changed continuously to any desired angle from 0° to 141° by including a rotational arm to 
support the laser. With symmetrical scattering geometry, it is possible to probe a wide range of 
wave vectors q and map out the phonon dispersion curve for crystals or periodic structures with 
large unit cells (e.g. ~hundreds of nm) [Zhu et al. 2013; Wu et al. 2014]. 
 To summarize, temperature is the bottleneck for high-pressure high-temperature single-
crystal sound velocities measurements using Brillouin spectroscopy. In this paper, we present the 
details of our system design together with some preliminary results, including measurements on 
the H2O ice-water system and single-crystal San Carlos olivine under simultaneous high-pressure 
high-temperature conditions that demonstrate the capability of this system for laser heating.  
Measurements on calcite and orthoenstatite under ambient conditions demonstrate the ability to 
perform Raman spectroscopy measurements, and measurements on cubic-close-packed 
polystyrene demonstrate phonon dispersion measurement with variable scattering angles [Zhu et 
al. 2013]. 
6.2 Experimental Setup 
6.2.1 Setup and calibration of Brillouin scattering system 
A 532nm single-mode Diode-Pumped Solid State (DPSS) Laser (Spectra-Physics Excelsior 
CW laser, maximum power 300mW) is used as light source for space efficiency. This single-
mode laser has a narrow line width (<10 MHz), high directional stability (<6 µrad/°C), low beam 
divergence (<1.2 mrad), and high power stability (<±1%), making it highly suitable for Brillouin 
spectroscopy. Here, we take advantage of its small size by installing it on a θ-2θ rotational arm, 
making it possible to continuously change the scattering angle from 141° to 0° (Fig. 6.1). This 
allows us to map the phonon dispersion relations throughout the entire Brillouin zone for 
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phononic materials with unit cell dimensions on the order of several hundreds of nm [e.g. 
Gorishnyy 2007]. An optical fiber (Edmund Optics #02-551) is used to direct a reference beam 
from a beam splitter to the 6-pass tandem Fabry–Pérot interferometer (TFP-1, JRS Scientific 
Instruments) [Sandercock, 1982]. About 2% of the total incident laser power is separated into a 
reference beam for stabilizing the interferometer, and the main probe beam intensity is adjusted 
by rotating a 12.5mm square wire grid polarizer (Edmund Optics #47-101). A 12.7mm diameter 
zero-order quartz half-wave plate (Edmund Optics #85-037) is used for adjusting the incoming 
laser polarization. The 532nm green laser is focused onto the sample with a 9mm diameter MgF2 
coated plano-convex lens with focal length 36mm (Edmund Optics #45-122) mounted on an 
adjustable X-Y-Z stage.  
 Brillouin scattered light is collected through a 30mm diameter achromatic lens with focal 
length 100mm (CVI Melles Griot LAO-100.0-30.0), and then finally focused into the front 
pinhole of the 6-pass tandem Fabry-Perot interferometer through a 50mm diameter achromatic 
lens with 250mm focal length (CVI Melles Griot LAO-250.0-50.0). The sample chamber can be 
observed under both transmitted and reflected light through a CCD camera (Prosilica GC750) 
mounted on a telescope (Navitar 12X zoom system). 
Brillouin scattering results from the interaction between photons and acoustic phonons. 
Phonons are created or annihilated during the scattering process and are referred to as Stokes and 
anti-Stokes scattering, respectively. As a result, the scattered light contains components with 
different frequencies than the incident light. The difference between the original (ωi) and 
inelastically scattered (ωs) frequencies is called the Brillouin shift ∆ω = (ωi- ωs). The Brillouin 
shift is linearly proportional to the acoustic velocities (v) being probed in the sample (Eq. (1), c 
is the speed of light, θ is the scattering angle), with dependence of refractive indices for the 
incident (ni) and scattered (ns) light).  
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For transparent samples, the use of forward symmetric scattering geometry could 
simplify Eq.(1) to Eq. (2), so that the velocities could be determined independent of refractive 
index [Whitfield et al., 1976]: 
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i 0= 2sin( )v /2sθ
θϖ ϖ ϖ λ∆ − =  (2)  
where ∆ωθ= ωi-ωs is Brillouin shift, λ0 is wave length of the incoming light and θ* is the external 
angle between the incoming and the scattered light directions outside of the sample. 
For elastically anisotropic samples, acoustic velocities vary with phonon directions. 
Knowing the specific phonon directions in which Brillouin shifts (velocities) are measured, 
complete elastic moduli tensor could be calculated through linear inversion of the Christoffel 
equation: 
0vdet 2 =− ikljijkl nnc δρ
 (3) 
where Cijkl is the 4th order elasticity tensor, ni are components of the wave normals, ρ is the 
density, v is velocity and δik is the Kronecker delta [Musgrave, 1970]. 
Knowledge of the elasticity tensor gives the elastic anisotropy of crystals and allows one 
to calculate the bulk and shear modulus as well as acoustic anisotropy [Hill, 1963; Hashin and 
Shtrikman, 1962; Ranganathan and Ostoja-Starzewski 2008]. Adiabatic bulk (Ks) and shear 
modulus (G) govern the propagation of longitudinal and transverse elastic waves in a material 
through the relation: 
ρ
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  (5) 
where ρ is the density, Vp is longitudinal wave speed, Vs is transverse wave speed.  
 Scattering angles are calibrated using a standard silica glass (Corning inc. silica glass 
7980) measured by GHz ultrasonic interferometry under ambient conditions [Zhang et al. 2011]. 
The longitudinal and transverse velocities of the standard are 5905.5(8) m/s and 3755.9(6) m/s 
respectively. Typical Brillouin spectrum of silica glass is shown in Fig.6.2. Scattering angles are 
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calibrated per 10° from 30° to 140°; calibrated angles are very close to the theoretical value as 
shown in Fig. 6.3.  
6.2.2 Laser heating system and temperature measurement 
This system is optimized for transparent single-crystal samples (especially for silicates) using 
forward symmetric scattering geometry. Opaque samples, such as metals could not be measured 
by Brillouin spectroscopy using the current setup. The commonly used Nd:YAG laser for heating 
purpose is emitted at a wavelength of 1.06 µm, which barely couples with Fe-poor silicates, 
although it is absorbed by metals and Fe-bearing silicates very well. Materials we are mostly 
interested in are the silicates of the Earth’s mantle, which universally have strong absorption at 
around 10 µm, making CO2 lasers with emission wavelength of 9.4 and 10.6 µm in the mid 
infrared frequency range an ideal heating source.  
A SYNRAD ti100 CO2 laser (maxium power 100W) is used for laser heating. A 650nm 
red laser pointer, installed in front of the laser head to match the CO2 laser beam path, is used for 
alignment purposes. A laser beam collimator (SYNRAD COL2.5) is used to correct ~7mrad 
beam divergence and expand the beam to about 9mm in diameter. The CO2 laser beam is 
directed by front surface Al mirrors and focused on to sample surface from one side through a 
0.5’’ diameter ZnSe plano-convex lens with focal length 3’’ (Laser Research Optics), which is 
mounted on a three axis XYZ motorized translator (Newport CONEX-MFACC) for remote 
control. It is important to be able to focus and translate this “focusing lens” remotely during an 
experiment, because the high powers used in these experiments make it dangerous to attempt to 
manipulate focusing optics while the laser is operating. The output power of CO2 laser beam is 
controlled by a pulse width modulation unit (SYNRAD UC-2000 Universal Laser Controller). 
CO2 laser power is calibrated up to 30% of the laser output using a laser power meter (Ophire 
Laserstar). The measured power as a function of output percentage is shown in Fig. 6.4. 
The sample stage is equipped with a X-Y-Z translator, a rotational stage within the 
horizontal plane and a rotational mount for diamond anvil cell within the vertical plane for 
single-crystal measurement (Fig. 6.5).  A water-cooling base unit is designed to be attached to 
the vertical rotational stage to avoid overheating of diamond anvil cell, stage and the surrounding 
optic components (Fig. 6.5). When using symmetric forward scattering geometry with a 
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scattering angle of 50º, the CO2 laser path is optimized to be perpendicular to the table of 
diamond anvil cell. 
 Visible thermal radiation is collected through the same achromatic lens as Brillouin 
scattered light. A pellicle beam splitter (Edmund Optics #39-482) or flip-mount front surface Al 
mirror is used for separation of the Brillouin light path from the thermal radiation light path after 
the collection lens. The collected thermal radiation light is focused through a 50mm diameter 
achromatic lens with 150mm focal length (CVI Melles Griot LAO-150.0-50.0) and finally enters 
a single-mode optical fiber (Edmund Optics #57-749) that directs the beam into a HORIBA 
Jobin-Yvon Triax 550 spectrometer for temperature measurement. The spectrometer is equipped 
with three different gratings, 600 grooves/mm, 1200 grooves/mm and 2400 grooves/mm, 
allowing the measurement of not only thermal radiation spectra and ruby fluorescence (Fig. 6.6), 
but also Raman spectra (Fig. 6.7). The spectrometer is calibrated using a standard mercury pencil 
lamp (Oriel Model 6035) [Sansonetti et al. 1995]. 
Temperatures are determined from grey-body radiation emitted from the heated sample, 
by fitting the thermal radiation spectrum between 550 and 850 nm to the Planck radiation 
function (Eq. 6): 
]1)//[exp()( 251 −= − TccI λλλελ  (6)  
where Iλ is spectral intensity, λ is wavelength, ε(λ) is emissivity, T is temperature, and 
c1=2pihc2=3.7418×10-16Wm2, c2=hc/k=0.014388 mK. Due to the wavelength-dependent 
emissivity at high-temperature, the fitting wavelength range is limited to less than 200nm. 
However, using wavelength range smaller than 50nm could introduce errors in temperature 
calculation from the nonlinear portion of the system response [Shen et al. 2001]. Therefore, the 
typical wavelength range we picked covers about 150 nm between 550 and 850 nm. 
System response is calibrated relative to a standard tungsten ribbon lamp (OL550, 
Optronic Laboratories) with known radiance [Shen et al. 2001] assuming emissivity is linearly 
proportional to wavelength. The fitted grey-body radiation curve of the standard lamp is shown 
in Fig. 6.8 and system response (when using flip mirror instead of pellicle beam splitter) is 
shown in Fig. 6.9. 
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 Double sided heating setup is not used here due to the space limitations (especially the 
laser rotational arm). Nonetheless, axial temperature gradients should be small because of the 
long laser wavelength. The laser energy is absorbed to some degree by the entire sample volume, 
as long as the absorption coefficient of oxides and minerals at 10.6 µm is <1. With more than 
100 µm absorption length for typical dielectric samples [Fukao et al., 1968], and about 50µm 
depth field for the final CO2 beam focusing lens, both of which are much larger than the sample 
thickness for typical diamond anvil cell experiments, the sample is expected to experience a 
relatively uniform temperature distribution with enough time heating for thermal equilibrium. 
6.2.3 Diamond anvil cell and pressure measurement 
We used both 3-pin Merrill-Bassett-style diamond anvil cell and a Princeton design symmetric 
piston cylinder diamond anvil cell for the high pressure experiment. Both of them are equipped 
with an specially designed extra membrane cap for precise pressure control (e.g. Fig. 6.10).  
Measurement of pressure for laser-heated diamond-anvil cell using ruby fluorescence is 
problematic due to thermal pressures within sample chamber [Andrault et al. 1998; Dewaele et al. 
1998; Dewaele et al. 2000; Perrillat et al. 2006]. Pressures given by ruby fluorescence in cooler 
regions within the sample chamber are expected to be smaller than the actual pressure at heating 
spot.  Thermal pressure consists of an increase of pressure due to heating (∆T) at constant 
volume, ∆Pth = αK∆T, where α and K are thermal expansion and bulk modulus, respectively. 
This problem has been solved for synchrotron X-ray diffraction experiments through direct 
measurement of pressures by applying pressure-volume-temperature equation of state to the 
measured lattice parameters of internal pressure standards (e.g. NaCl, MgO, Au, or Pt). However, 
for experiment without X-ray diffraction capability, like in this study, it is necessary to quantify 
the thermal pressure contribution to the pressures measured by ruby fluorescence within the 
sample chamber during laser heating. The laser heating Brillouin spectroscopy experiment on 
single-crystal San Carlos olivine at close to olivine-wadsleyite transition pressure is an ideal 
experiment to address this issue. With a relatively large Clapeyron slope (~ 4MPa/K) [Katsura et 
al. 2004; Gudfinnsson and Wood, 1998] and 100-150 K grey-body temperature error, less than a 
0.5GPa difference between predicted and measured transition pressure would indicate that 
thermal pressure in our experiment is not significant. 
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Pressures inside sample chamber are usually obtained through ruby fluorescence before 
laser heating [Mao et al. 1986]. In this study, we especially measured the pressures during the 
laser heating experiment by having the CO2 laser stably heating the olivine sample and 532 nm 
laser focusing on the ruby spheres. Rubies were loaded in close contact with the top diamond 
anvil and are well insulated from the heated olivine sample (Fig. 6.11). A lower-bound ruby 
temperature could be estimated through ruby fluorescence peak shape. At higher temperatures, 
the ruby R1 and R2 peak are getting closer to each other and becoming indistinguishable (Fig. 
6.12). We used KCl and KBr as pressure transmitting medium to insulate the olivine sample 
from the diamond as well as from the rubies. The B1-B2 phase transition of KBr and KCl take 
place at pressures lower than 3GPa [Anderson 1985; Walker et al. 2002; Zahn and Leoni 2006]. 
Neither KCl nor KBr experiences any phase transition under the expected experimental 
conditions.  
6.3 Preliminary results and discussion 
6.3.1 High-pressure high-temperature experiment on H2O (ice VII and fluid phases) 
We first performed laser heating Brillouin spectroscopy experiments on H2O water and ice. The 
low melting points of ice at high pressures, as well as strong Brillouin peak intensity of liquid 
water make it an ideal sample for the first laser heating experiment. Previous studies of H2O 
water-ice under high-pressure high-temperature conditions are mainly using resistance heating 
diamond anvil cell technique [e.g. Datchi et al. 2000; Pistorius et al. 2004; Mishima and Endo 
2008]. Supercritical water can dissolve metal gaskets under high-pressure high-temperature 
conditions, and finally cause failure of the sample chamber [e.g. Kritzer 2004]. In addition, the 
dissolution of metal gasket and ruby spheres into liquid water could lower the melting 
temperature as well as affect the sound speed. Using a Au-lined gasket hole and internal pressure 
marker (e.g. Pt, Au) can minimize the interference from the gasket and ruby spheres [e.g. Lin et 
al. 2005; Sang, 2012].  However, weakening of metal gasket under high-temperature is inevitable. 
With laser heating Brillouin spectroscopy, melting of ice at high pressures is restricted within a 
small area inside of the sample chamber; liquid water is insulated from diamond, gasket and ruby 
spheres by the un-melted solid ice, keeping liquid water away from contamination of other 
chemical impurities. 
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 Liquid milli-Q water was loaded into a diamond anvil cell with 450µm diamond culet and 
several ruby spheres. The cylindrical sample chamber was formed by drilling a 235 µm hole in 
the center of a pre-indented 80 µm thick Re gasket. The sample chamber was compressed to ~3.5 
(1) GPa at ambient temperature (Fig. 6.4). Melting of ice could be easily monitored by the 
viewing camera (Fig. 6.13). At 4% CO2 laser power output, ice showed the first sign of coupling 
with laser: in the center of the sample chamber, small ice crystals started Brownian motion 
within the partially melted liquid water. A liquid water drop first formed at 5% CO2 laser power 
output, and thermal radiation spectrum was obtained by spectrometer at ~6% CO2 laser power 
output, yielding to a grey-body radiation temperature of 1788.1 K assuming constant emission 
coefficient at the fitting wavelength range (Fig. 6.14). Highest temperature of 2500 K was 
obtained at ~10% CO2 laser power output. Images of sample chamber at 4%, 4.5%, 5%, 5.5% up 
to 10% power output with increment of 0.5% were shown in Fig. 3.13, from which we could 
clearly see the formation process of liquid water as temperature increase. 
We also measured the Brillouin spectra at 0%, 4%, 8% and 10% CO2 laser power output 
(Fig. 6.15). Ruby spectra were collected at the same time when the CO2 laser is heating the 
sample chamber (Fig. 6.6). Brillouin peaks from both liquid water and solid ice were observed as 
indicated from Fig. 6.15. The asymmetric shape of ice peaks suggested preferred orientation of 
polycrystalline ice VII or preferred sampling of a larger ice VII single crystal. A clear shift of 
Brillouin peaks to slower velocities as well as increase/decrease of water/ice peak intensities at 
increased CO2 laser power strongly suggest the elevated temperatures inside the sample chamber. 
Changes in R1 R2 position of ruby fluorescence speaks also support our observation (Fig. 6.6). 
Typical collection time for a Brillouin spectrum of water/ice within laser heated diamond anvil 
cell is within 3-10 minutes. 
6.3.2 Raman spectroscopy measurements on calcite and orthoenstatite at ambient 
conditions  
We then verified the capability of performing Raman spectroscopy measurements using the 
optical path for temperature measurement. Plate-like single-crystal calcite was broken along 
(1011) cleavage from an optical quality calcite crystal. A San Carlos orthoenstatite single crystal, 
which was visually inclusion and scratch free under microscope, was polished into 30 µm thick 
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plate with random orientation. Both of them was mounted on a standard X-ray diffraction 
goniometer then placed on the sample stage for measurement. Measured Raman spectra are 
shown in Fig. 6.7. Frequency resolution is about 3 cm-1, comparable to regular Raman 
spectroscopy system with back scattering geometry. However, due to the relative large signal 
intensity loss caused by optical fiber, exposure time is much longer, ~60s for orthoenstatite’s 
spectrum shown in Fig. 6.7. 
6.3.3 Single-crystal Brillouin measurements on San Carlos olivine (111) plane at 13.2 
(5) GPa 1300 K 
Next, we examined the capability of performing laser heating Brillouin measurements on single-
crystals using a perfectly polished plate-like San Carlos olivine with plane normal close to (111) 
direction. Sample chamber was similar to what was used for the water-ice experiment, with 
thinner gasket about 60 µm in thickness. Sample is about 80×80×35 µm in dimension and was 
sandwiched in between soft KCl disks, which served as both pressure-transmitting medium and 
insulation layer. Several ruby spheres were loaded into the sample chamber in contact with the 
top diamond anvil, so that they could stay cool during the laser heating process (Fig. 6.16). 
Pressure was directly increased to 12.2(6) GPa at ambient temperature (Fig. 6.17).  
CO2 laser heating is stable for over 24 hours. Thermal radiation spectra were taken 
several times during the whole measurement, yielding a temperature measured about 1300 ± 200 
K (Fig. 6.18). During the laser heating process, pressures inside of the sample chamber increased 
to 13.2(5) GPa according to ruby fluorescence spectra assuming ambient temperature (Fig. 6.17). 
The peak shape of ruby fluorescence indicates temperature of the ruby sphere is lower than 373K 
(Fig. 6.12), therefore, the shift of ruby peaks is almost purely caused by laser heating induced 
thermal pressure increase inside the sample chamber.  
Brillouin measurements were made per 15º as sample chamber rotated within the vertical 
plane. Sample surface was partially damaged during the laser heating process (Fig. 6.16). 
Brillouin peak intensity is very sensitive to the surface quality, as a result, collection time of each 
exposure varied from 20 minutes to 1.5 hours. Typical Brillouin spectrum is shown in Fig. 6.19. 
In most directions, two shear wave peaks and one longitudinal wave peaks of olivine were 
observed associated with one strong longitudinal wave peak from KCl and one strong shear wave 
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peak from diamond. During the experiment, no abnormal Brillouin peaks with much higher 
velocities were observed, suggesting the sample was not transformed into wadsleyite yet. The 
measured sound velocities are plotted as a function of rotational angles in Fig. 6.20. For 
comparison, theoretically calculated sound velocities is also plotted within the same figure based 
on the Cij model of  San Carlos olivine at 14.1 GPa and ambient temperature by Zha et al. (1997). 
The internal consistency between our measurements and Zha’s data also suggests olivine inside 
of the sample chamber instead of wadsleyite. 
We examined the quenched olivine sample after finished the Brillouin measurement 
under polarized microscope (Fig. 6.18). The high interference color of the sample double-
confirmed our observation that olivine was not transformed yet. Damage of surface quality 
during CO2 laser heating is also confirmed by the uneven interference color across the sample.  
We performed another experiment using exactly the same experimental set-up but with 
KBr as pressure-transmitting medium. Pressure inside the sample chamber increased from 11.9 
(4) GPa at ambient temperature to 12.9 (4) GPa at 1300 ± 200 K. Quenched sample after heating 
for over 48 hours, was still olivine. 
13.2(5) and 12.9(4) GPa are very close to the olivine-wadsleyite transition pressure at 
1300 ± 200 K, considering the relatively large Clapeyron slope (~ 4MPa/K) [Katsura et al. 2004; 
Gudfinnsson and Wood, 1998], thermal pressure within the sample chamber has been almost 
completely taken into account by the measured ruby pressures during laser heating. Our 
observation contradicts with previous studies suggesting ruby pressures measured during laser 
heating is largely under-estimated [Andrault et al. 1998; Dewaele et al. 2000; Perrillat et al. 
2006]. Most of these studies used rare gas as pressure-transmitting medium (e.g. Ar, Ne etc.). 
Melting temperatures of rare gases are relatively low; therefore a confined melt layer is expected 
for the rare gas pressure-transmitting medium close to the heated sample. Thermal expansion 
coefficients are more than one order higher for rare gas liquids than solids (e.g. solid Argon10-5-
10-4 [Tretiakov and Scandolo, 2004], liquid Argon ~10-2-10-3 [Witzenburg and Stryland, 1968; 
Tegeler et al., 1999]), thermal pressures are restricted, confined and therefore much more 
enhanced surround the heated sample. At the same time, ruby spheres are far away from the 
heated sample and staying within the solid rare gas, the pressure temperature and stress 
environment they experienced are very different from the laser heated sample, which is staying 
within a hot thin melted liquid rare gas. In comparison, observed thermal pressures are small in 
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experiment when using NaCl as pressure-transmitting medium, which does not experience a 
solid-liquid transition upon laser heating [e.g. Errandonea et al. 2003].  In this study, we used 
similar but much softer pressure-transmitting mediums KCl and KBr, neither of them experience 
any phase transition during the laser heating experiment, therefore is likely to provide much 
more similar stress environment for the laser-heated sample and ruby spheres. Our experiment 
suggests using solid pressure-transmitting medium without any phase transition in the examined 
pressure temperature range is a possible way to minimize the uncounted thermal pressure inside 
sample chamber by ruby spheres.  
6.3.4 Brillouin measurements with variabe q on cubic-close-packed polystyrene  
Last, we performed phonon dispersion measurement on a hypersonic phononic crystal, 
comprised of close-packed polystyrene spheres (diameter 215 ± 10 nm) embedded in a 
background matrix of solid polydimethylsiloxane (PS/PDMS), fabricated using self-assembly 
technique (Fig.6.21). Hypersonic crystals can coherently scatter both visible light (photons) and 
acoustic waves (phonons) around 109 – 1012 Hz, therefore offers unique opportunity to 
manipulate physical properties, such as heat capacity and thermal conductivity. Compared to 
inelastic neutron or X-ray scattering techniques, angle-resolved Brillouin spectroscopy offers a 
much higher frequency resolution [Lindsay et al. 1981; Penciu et al. 2003; Kriegs et al. 2004].  
For this study, Phonon wave vectors measured with forward symmetric scattering geometry 
reside in the (111) plane of the close-packed polystyrene film. 
The amplitude of wave vector q is determined by the following equation (Eq. 7): 
 
0
4pi
sin( )
2
θ
λ=q
  (7) 
 
where θ is the scattering angle, λ0 is wave length of the incoming light.  The dispersion relations 
were measured by varying the scattering angle θ from 30º to 140º for probing phonon wave 
vectors up to the second Brillouin zone.   
Fig. 6.22(a) shows a typical Brillouin spectrum for wave vector q = 0.0160 nm-1, which was 
recorded at scattering angle θ = 85o.  The frequencies of the phonon peaks were obtained by 
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fitting the Brillouin spectra with Lorentzian functions.  For example, as shown in Fig. 6.22(b), 
the most intense Brillouin signal corresponds to the longitudinal acoustic phonon mode for peak 
(1) at 2.84 GHz.  Less intense peaks can be fit using three Lorentzian functions (2), (3) and (4) at 
8.02, 9.64, and 10.81 GHz respectively.  Peaks at 8.02 and 10.81 GHz are contributed by various 
higher order vibrational modes, whereas the weak peak at 9.64 GHz is the longitudinal phonon 
signal which comes from the quartz substrate.    
It is clearly presented that the shape of the major Brillouin scattering signal evolves from a 
single peak at low wave vector q to double peaks when q approaches the vicinity of Brillouin 
zone boundary.  Such a change in the Brillouin spectra shape is a clear evidence of the formation 
of a phononic band gap at the boundary of the first Brillouin zone (Fig. 6.23).   
6.4 Conclusion 
In this study, we describe the complete design and configuration of a new CO2 laser heating 
Brillouin spectroscopy system optimized for single-crystal sound velocity measurements at 
simultaneous high-pressure high-temperature conditions, with additional capability of changing 
scattering angles continuously, which could be used for phonon dispersion measurement on 
materials with large unit cells. We present our preliminary result on ice-water system and single-
crystal San Carlos olivine under high-pressure high-temperature conditions, as well as phonon 
dispersion measurement results on cubic-close-packed polystyrene. A very important implication 
from our test measurement on San Carlos olivine is, thermal pressures within diamond anvil cell 
is almost negligible when using alkali halide as pressure-transmission medium. This is 
potentially very important for the high-pressure high-temperature research community. 
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Figures 
Figure 6.1 Design of single-crystal CO2 laser heating Brillouin spectroscopy system with 
variable q: (a) Schematic layout (b) Top view of the main optical system; (c) whole view of 
experimental system include the cooling unit, plastic protection shields, and membrane pressure 
controller. 
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Figure 6.1 (cont.) 
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Figure 6.1 (cont.) 
(c)                 
        
Ar 
gas 
bottle 
Membrane 
pressure 
controller 
Water 
cooling  
system 
Water  
Out 
Water In 
Plastic 
Protection 
Shields 
Ar gas In 
Sample 
Stage 
140 
 
Figure 6.2 Typical Brillouin spectrum of standard silica glass at theoretical scattering angle 50º. 
Experimentally determined Vp=5.879km/s, Vs=3.732km/s, calibrated scattering angle is 49.71(6) 
º. 
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Figure 6.3 Calibrated scattering angles for Brillouin spectroscopy system with variable q from 
30º to 140º 
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Figure 6.4 Calibrated CO2 Laser power as a function of power percentage output 
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Figure 6.5 Sample stage and diamond anvil cell cooling unit; red and white plastic tubes are for 
water cycling. (a) Back side view (b) Front side view (c) When diamond anvil cell with 
membrane cap is loaded within the cooling unit during a Brillouin experiment 
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Figure 6.6 Typical Ruby spectra collected within diamond anvil cell loaded with water at 
different temperatures. 
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Figure 6.7 Typical Raman spectra of orthoenstatite and calcite under ambient conditions, using 
2400 grooves/mm grating, collection time is 60 s and 10 s for orthoenstatite and calcite, 
respectively. 
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Figure 6.8 Fitted grey-body radiation curve of the standard tungsten ribbon lamp (OL550, 
Optronic Laboratories); open black circles are the standard lamp spectral radiance data, red line 
is the greybody radiation fit at T= 2677(4) K, assuming linear wavelength dependence of the 
emission coefficient. 
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Figure 6.9 Calibrated system response based on spectral radiance of the standard tungsten ribbon 
lamp (OL550, Optronic Laboratories) 
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Figure 6.10 Membrane cap for for precise pressure control, modified after Liqin Sang’s design. 
(a) Image of the membrane cap with diamond anvil cell (b) Gas pressure control for membrane 
cap, ultra dry Argonne is used as pressurizing gas. 
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Figure 6.11 Illustration of the diamond anvil cell loading: polished plate-like sample is 
sandwitched by KCl/KBr pressure-transmitting medium, ruby spheres are insulated from the 
laser-heated sample and in direct contact with top diamond anvil. 
 
 
150 
 
Figure 6.12 Ruby spectra at room-pressure high-temperature conditions. Temperature and 
pressure shifts of the ruby R1 peak are largely independent; the effect of temperature on the ruby 
peak shift is calibrated at room pressure and high temperatures up to 673K. The ruby R1 R2 peak 
shape and R1-R2 distance is an indicator of temperature when deviatoric stress is small. 
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Figure 6.13 Images of diamond anvil cell sample chamber filled with H2O. As CO2 laser power 
increase, ice melted into liquid water at high pressure. The bright spot in 6%(b) and 10%(b) is 
the CO2 laser heating position. At 6% CO2 laser power output, thermal radiation becomes visible, 
and at 10% CO2 laser power output, radiation is even stronger, as shown in 6% (b) and 10% (b).  
    
   
     
     
4%    4.5%    5%  
5.5%    6% (a)    6% (b)  
6.5%    7%    7.5%  
8%    8.5%    9%  
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Figure 6.13 (Cont.) 
    
9.5%    10% (a)    10% (b)  
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Figure 6.14 Grey-body radiation temperature of 1788.1K within water-ice sample chamber. CO2 
laser power output is 6%, assuming constant thermal emission coefficient in the fitting range 
from 550 nm to 750 nm. 
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Figure 6.15 Brillouin spectra of water-ice system at 0%, 4%, 8% and 10% CO2 laser power 
output. Dashed line lines indicate the water peak position at 4% CO2 laser power output, as 
power increased, water velocities shifted to slower velocities.  
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Figure 6.16 Images of diamond anvil cell loaded with San Carlos Olivine with plane normal 
(111). (a) Before cut and loaded into diamond anvil cell, under plane light and cross-polarized 
light (scale bar represent 500 µm); (b) After cut and loaded into diamond anvil cell, under plane 
light, without laser heating (scale bar represent 80 µm); (c) Quenched product after laser heating, 
under plane light and cross-polarized light (scale bar represent 30 µm). 
  
 
(a) Plane light    Cross-polarized light  
(b)Plane light  
(c) Plane light     Cross-polarized light  
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Figure. 6.17 Typical ruby fluorescence spectra of diamond anvil cell sample chamber with San 
Carlos olivine loaded with and without laser heating. Room temperature spectrum is blue, and 
spectrum at 1300K is red. Comparing with the ruby fluorescence peak shape shown in FIG. 8, 
temperature increase of measured ruby spheres is close to negligible.  
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Figure 6.18 Grey-body radiation temperature of 1343.6 ± 1.8 K within olivine sample chamber, 
assuming constant thermal emission coefficient in the fitting range from 650 nm to 850 nm. 
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Figure 6.19 Typical Brillouin spectrum of single-crystal San Caros olivine. Collection time is 31 
minutes. 
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Figure 6.20 Measured sound velocities as a function of rotational angles within olivine (111) 
plane. Diamonds represent the measured velocities and dashed lines are the predicted theoretical 
value after Zha et al.1997 at 14.1 GPa. 
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Figure 6.21 A SEM top-view image of the PS/PDMS phononic crystal. (after Zhu et al. 2013) 
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Figure 6.22  Brillouin spectra of cubic-close-packed polystyrene at various scattering angles  
(after Zhu et al. 2013) (a)  A typical Brillouin spectrum for q = 0.0160 nm-1; (b)-(f) Anti-Stokes 
side of BLS spectra recorded at various scattering angles.  Brillouin spectra are reproduced by 
Lorentzian functions (blue lines).  
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Figure 6.23 Experimental phononic dispersion relation shows a band gap between 3.7 and 4.4 
GHz (after Zhu et al. 2013). Solid red diamonds, phonon crystal modes from PS/PDMS crystal; 
solid blue circles, phonon modes from the quartz substrate; dashed blue line: theoretical 
acoustic phonon propagation in the substrate; dashed orange line: acoustic phonon propagation 
in a homogeneous effective medium of PS/PDMS.   
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Chapter 7 
Sound Velocities of Single-crystal San Carlos Olivine at 
Simultaneously High-pressure High-temperature Conditions  
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Abstract1 
Understanding olivine’s single-crystal elastic properties under elevated pressure and temperature 
conditions is crucial for understanding the composition, structure and dynamical processes 
within Earth’s upper mantle. Specifically, such information is crucial for quantifying the 
contribution from lattice-preferred orientation of olivine to the overall observed anisotropy under 
prescribed flow field in the upper mantle. Unfortunately, single-crystal elasticity of olivine has 
never been measured at high-pressure high-temperature simultaneously in laboratory. Here we 
present the first measurement of single-crystal elasticity of San Carlos olivine under realistic 
mantle P-T conditions using laser heating and Brillouin spectroscopy up to 12.8(8) GPa and 
1300 ± 200 K. My measured sound velocities are in agreement with the 1200K isotherm 
predicted by Issak (1992) and Abramson et al. (1997), and are therefore about 50-100 m/s higher 
on average than the 1300K geotherm. This difference could due to overestimation of temperature 
by about 100-150K, which is within the ~ 200 K temperature measurement uncertainties. Our 
data yield to (∂Ks/∂P)0=3.9 and (∂G/∂P)0=1.7 at 1300K from a least square fit to 3rd order finite 
strain equation of state. A clear decreasing trend of ∂Vs/∂P with increasing pressure at high 
temperature is observed, resulting in a significantly better fit with a 4th order finite strain 
equation of state than 3rd order. (∂Ks/∂P)0 (∂G/∂P)0 and (∂2G/∂2P)0 from the preferred 4th order 
fit at 1300K are determined to be 3.7, 1.7, and -0.09 respectively ((∂2Ks/∂2P)0  is fixed to 0). 
Temperature derivatives for bulk and shear modulus are -2.01 and -1.22 GPa/102K averaged over 
the examined pressure range, consistent with previous studies. Based on the new experimental 
data we obtained, sound velocities of olivine along different mantle adiabat and geotherms are 
calculated. Our results show: 1. Velocity gradient of olivine is far less than velocity gradient of 
AK135; 2. Olivine is the slow phase instead of fast phase at deeper than ~250km in depth; 3. Vs 
of olivine is almost constant or decreases from ~ 250km to ~410km..  Based on the above 
observations, we expected much less olivine in the upper mantle (less than 25%), and much more 
pyroxene (both opx and cpx) in order to balance the velocity and velocity gradient discrepancies. 
 
1Material in this chapter work is planned to be submitted for publication to Earth and Planetary Science 
Letters (or other journal). All figures, tables and data presented here were created by Jin Zhang, unless 
otherwise indicated. 
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7.1 Introduction 
Olivine is widely believed to be the most abundant mineral in the upper mantle, with contents 
varying between 40% to 60% for different petrologic models of mantle rocks [Ringwood 1962; 
Bass and Anderson 1984]. At transition zone pressures from ~14 GPa to ~25 GPa, olivine 
transforms into wadsleyite, ringwoodite, and finally disproportionates into perovskite and 
ferropericlase, corresponding to the 410 km, 520 km and 660 km discontinuities, respectively 
[Katsura et al. 2004; Suzuki et al 2000; Ishii et al. 2011]. The velocity and density jump 
associated with these phase transitions characterize the seismic signatures of these discontinuities 
[e.g. Sinogeikin et al., 1998; Liu et al. 2009; Zha et al. 1996, 1997, 1998; Wang et al. 2006, 
2014].  Among these three discontinuities, the cause of the 410 km discontinuity is relatively 
simple, mainly due to the formation of wadsleyite. 520 km and 660 km discontinuities are more 
complicated. Aside from high-pressure phase transitions of olivine polymorphs, formation of Ca-
perovskite and compositional layering between upper and lower mantle could also contribute to 
the observed magnitude of 520 km and 660 km discontinuities, respectively [Saikia et al. 2008; 
Kellogg et al. 1999; Murakami 2012].  However, the experimentally predicted velocity jump 
across the boundary (Vp: 6.4% Vs: 8.1% assuming pyrolite composition with 65% olivine) is 
much larger than all 1D seismic models (e.g. AK135 model Vp: 3.7% Vs: 4.3%) [Zha et al. 1996, 
1997, 1998; Dziewonski and Anderson 1981; Kennett and Engdahl 1991; Kennett et al. 1995;]; 
and the sharpness of the 410km discontinuity could not simply be explained by pyrolite model 
either [e.g. Benz and Vidale 1993; Katsura et al. 2004; Shearer and Flanagan 1999].These 
discrepancies suggest the importance of incorporating other possible unconsidered factors, e.g. 
compositional change, insufficient mixing or incorporation of hydrogen into mineral structures 
[Stixrude and Lithgow-Bertelloni 2007; Xu et al. 2008; Mao et al. 2010, 2011; Jacobsen et al. 
2005].  
Incorporation of hydrogen into the structures of olivine, and its two high-pressure 
polymorph wadsleyite and ringwoodite is a strong candidate for explaining the magnitudes of 
transition zone discontinuities. Hydrogen is thought to lower sound velocities of minerals; 
therefore, considering the fact that ringwoodite and wadsleyite are able to accommodate much 
more hydrogen into their structures than olivine, the incorporation of hydrogen could decrease 
the sound speed traveling through hydrous wadsleyite and ringwoodite much more significantly 
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than hydrous olivine [Mao et al. 2010, 2011]. However, in order to verify this hypothesis, four 
important aspects have to be carefully thought through: First, incorporation of hydrogen into a 
mineral structure does not only soften the elastic properties, but also decreases the density. 
Accordingly, the effect of hydrogen on sound velocities is much smaller than on elastic moduli 
[Wang et al. 2003]. Second, quantification of hydrogen content is essential, if not most important. 
Both Second Ion Mass Spectroscopy (SIMS) and Fourier Transform Infrared Spectroscopy 
(FTIR) can give a quantitative estimation of water content, but both require very careful 
calibration of standard materials [Paterson 1982; Libowitzky and Rossman, 1996; Deloule et al. 
1991, 1995; Inoue et al. 1995]. Estimation of water content from simple empirical relations 
between the b/a axial ratio versus estimated wt% in ppm concentrations of H2O, would require 
more systematic consideration of chemical impurities other than the hydrogen content [Jacobsen 
et al. 2005]. Third, existing ambient-temperature high-pressure single-crystal sound velocity 
measurements indicates that although the bulk and shear moduli at ambient conditions are much 
lower, the pressure derivatives of these moduli are higher for hydrous olivine and its high-
pressure polymorphs with close to saturation water content. Consequently, sound velocities of 
anhydrous and water-saturated olivine and its polymorphs converge or even may cross at high 
pressures [Mao et al. 2010; Wang et al., 2006; Mao et al., 2011]. Lastly, hydrous wadsleyite and 
ringwoodite begin to dehydrate at temperatures as low as 673 K and 723 K at ambient pressure 
[Inoue et al. 2004]. Although high-pressure high-temperature experiment on Fe-bearing 
ringwoodite (~1.1wt% H2O) up to 16 GPa confirmed the measured velocities at 673 K are much 
lower than at ambient temperature [Mao et al. 2012], for the real Earth, ringwoodite and 
wadsleyite might already dehydrate in the transition zone assuming a geotherm close to adiabatic 
[McKenzie et al. 2005; Brown and Shankland, 1981]. Most importantly, longitudinal and 
transverse sound velocities of anhydrous olivine are determined simultaneously below 7 GPa and 
1273 K for fosterite, 8 GPa and 1073 K for Fe-bearing olivine, and no such measurement has 
been made for anhydrous wadsleyite or ringwoodite [Li et al., 2004; Liu et al., 2005]. Without 
knowledge of the sound velocities of anhydrous olivine and its high-pressure polymorphs under 
mantle-relevant conditions, any comparison has little experimental basis. Therefore, 
simultaneous high-pressure high-temperature sound velocity measurements on anhydrous olivine 
and its high-pressure polymorphs are essential. 
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Seismic anisotropy is the only measurable quantity related to a presumed mantle flow 
field. Recent developments in detection of depth dependent anisotropy, including both azimuthal 
anisotropy and shear wave splitting, provide to date the only observational constrain to the 3D 
flow field inside the Earth [e.g. West et al. 2009; Park and Levin, 2002; Endrun et al. 2011; 
Romanowiz and Yuan, 2012].  However, the relationship between observed seismic anisotropy 
and real flow field is far from certain. One of the most popular mechanisms for flow induced 
anisotropy is lattice preferred orientation (LPO) of acoustically anisotropic minerals [Zhang and 
Karato 1995]. In order to quantify the contribution from LPO of an anisotropic mineral to the 
overall observed anisotropy under a prescribed flow field, directional dependence of sound 
velocities of the mineral has to be well defined under relevant pressure temperature conditions. 
The upper mantle is a most heterogeneous and anisotropic layer inside the Earth. As the most 
abundant mineral in the upper mantle with strong acoustic anisotropy, single-crystal sound 
velocity measurements of olivine are of the most importance for investigations of the upper 
mantle flow field. 
Elastic properties (include equation of states) of olivine, have been measured under a 
variety of pressure and temperature conditions (Table 7.1). However, only a few are under 
simultaneous high-temperature-high-pressure conditions, and all of them used polycrystalline 
materials [Li et al., 2004; Liu et al. 2005; Liu and Li 2006; Aizawa et al., 2001; Guyot et al. 1996; 
Meng et al. 1993], therefore, no information on acoustic anisotropy is available under real mantle 
conditions. In this study, I performed single-crystal sound velocity measurement on San Carlos 
olivine up to 12.8 GPa and 1300 K using laser heating Brillouin spectroscopy to address the 
above-mentioned problems. 
7.2 Experimental Methods 
Three single crystals of Natural Fe-bearing San Carlos (SC) olivine, with chemical composition 
of (Fe0.095Mg0.905)2SiO4 analyzed by EPMA, were used in this study. All of the crystals were 
examined to be inclusion free under high magnification with an optical microscope. Unit cell 
parameters and orientation matrices were determined using a 4-circle X-ray diffractometer, 
yielding a set of averaged lattice parameters and density under ambient condition: a=4.761(2) Å, 
b=10.221(4) Å, c=5.993(2) Å, ρ=3.341(3) g/cm3. Samples were then polished to plates with face 
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normals close to (100) (010) and (111) directions. A sample with plane normal (100) has uniform 
thickness of ~30 µm; whereas the other two have thickness ~ 40 µm. Therefore parts of these two 
samples were polished further down to ~20 µm for high-pressure experiments (Fig. 7.1). 
Samples were first measured under ambient conditions using a 90° symmetric forward 
scattering geometry using an Ar ion laser (λ=514.5 nm). The incident laser power was kept at 
low level (generally ~30 mw, 80 mw maximum) to avoid heating of the samples. The scattering 
angle is calibrated with a standard silica glass [Zhang et al. 2011]. A six pass Fabry-Perot 
interferometer was used to analyze the Brillouin frequency shift [Sandercock 1982]. 
Measurement accuracy is within 10-20m/s depending on the scattering angle and plate spacing. 
Brillouin spectra were collected over an angular range of χ equal to 0° with increment of 15° 
while keeping ω and φ at 0° and 0°, respectively. Then, the same measurement was repeated 
after φ changed to 180° with 2.5° 5° 5.5° offset of χ angle for measurements on plane (010),(100) 
and (111) respectively. Therefore, a total of 78 directions were measured at ambient conditions. 
For every direction, Brillouin peaks from both longitudinal and shear waves were obtained, and 
for phonon directions within (111) plane, two shear waves with different polarizations were 
observed (Fig. 7.2).  
  For laser heating Brillouin experiments, we used both 3-pin Merrill-Bassett-style 
diamond anvil cell and a Princeton design symmetric piston-cylinder diamond anvil cell with 
diamond culet 450 µm and 400 µm in diameter, respectively. A cylindrical sample chamber was 
formed by drilling a 235 µm or 180 µm hole in the center of a pre-indented 50 µm -70 µm thick 
Re gasket. All polished olivine samples with different orientations were cut into pieces of less 
than 100×100 µm in dimension for diamond anvil cell load. Each piece was sandwiched in 
between soft KCl or KBr disks and loaded with several ruby spheres into sample chamber. KCl 
and KBr disks served as both pressure-transmitting media and insulation layers. Samples with 
thickness larger than 30 µm were used only for low pressure experiments (Fig.7.1). Ruby spheres 
were loaded in contact with the top diamond anvil to stay relatively cool during laser heating. 
Pressures were determined through ruby fluorescence, and ruby peak shapes were used for 
estimation of ruby temperature, as described in Chapter 6 [Mao 1986; Zhang et al.2014]. 
Ambient-pressure high-temperature experiments were also made with the diamond anvil cell 
using the same experimental set-up for high-pressure high-temperature measurements. Only one 
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sample with plane normal close to the (111) direction was measured under ambient-pressure 
high-temperature condition, whereas high-pressure high-temperature experiments included all 
three samples. For high-pressure experiments, pressures were firstly increased to about 3 GPa by 
turning the screws of diamond anvil cell, implied by the completion of B1-B2 phase transition of 
KCl and KBr [Anderson 1985; Walker et al. 2002; Zahn and Leoni 2006]. The high-pressure 
transition of pressure-transmitting mediums can be observed under optical microscope (Fig. 7.3). 
Precise pressure adjustments in small increments were achieved by a specially designed external 
membrane cap (See Chapter 6, Fig. 6.19). Temperatures were determined through grey-body 
radiation with about 150 K uncertainty [Jephcoat and Besedin,1996]. System response is 
calibrated to a standard tungsten ribbon lamp (OL550, Optronic Laboratories) with known 
radiance [Shen et al. 2001] assuming emissivity is linearly proportional to wavelength. 
Considering small temperature differences between measurements at 78 different phonon 
directions, final temperature measurement error is about 200 K. Brillouin measurements at 
simultaneously high-pressure high-temperature conditions were made at four pressures for all 
three orientations: 4.5(3) GPa 7.0(6) GPa 9.5(6) GPa and 12.8(8) GPa.at 1300 ± 200 K. Due to 
the severe damage to the sample surface during laser heating (Fig. 7.1), each sample was used 
for measurement at only one temperature and pressure conditions, except the sample with (100) 
orientation, which was used first for measurement at  9.5(6) GPa, then for measurement at 12.8(8) 
GPa. Therefore, overall, 12 samples, including 4 pieces with plane normal (010), 5 pieces with 
plane normal (111) and 3 pieces with lane normal (100) were used in this study. Experiments 
were performed under 50° symmetric forward scattering geometry using a diode pumped solid 
state laser (λ=532 nm). The incident laser power was about 150 to 200 mW. Scattering angle is 
calibrated also using a silica glass standard [Zhang et al. 2011]. Brillouin spectra were collected 
over an angular range of χ equal to 180° with increment of 15° while keeping ω and φ at 0° and 
0°, for all 12 samples. Therefore, under ambient-pressure high-temperature condition, sound 
velocities at 13 distinct directions were obtained, and at higher pressures, sound velocities at 39 
distinct directions were obtained. Detailed system setup has been described in Chapter 6. Typical 
Brillouin spectrum at simultaneously high-pressure high-temperature conditions was shown in 
Fig. 7.4. 
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7.3 Results 
7.3.1 Elastic moduli under ambient conditions 
Calculated plane normals based on the single-crystal orientation matrices under ambient 
condition are: (0.9981 -0.0043 0.0616), (0.0427 -0.9985 -0.0357) and (0.6116 -0.6082 0.5060). 
All collected spectra at 78 distinct directions were of excellent quality with a high signal to noise 
ratio. Typical collection time was about 10-15minutes.  
A least-squares inversion of the Christoffel equation was used to calculate a set of best-fit 
values for the nine independent single-crystal elastic moduli (Cij) of San Carlos olivine at 1 atm. 
[Weidner and Carleton, 1977]. Different sets of initial Cij’s were used to ensure that the 
calculated results are not sensitive to the stating model. The final results yield an RMS residual 
(difference between the observed and model velocities) of less than 0.04km/s (Fig. 7.5). The 
excellent fit gives an error for the calculated Cij of less than 1%. The aggregate longitudinal 
velocity (Vp), shear velocity (Vs), bulk modulus (Ks) and shear modulus (G) were calculated as 
8.33(3) km/s, 4.80(3) km/s, 129.1(24) GPa and 76.9(17) GPa, using the Voigt-Reuss-Hill 
averaging scheme [Hill, 1963]. A comparison with previous results shows good agreement 
(Table 7.2). The slight differences between different studies are mainly due to differences in 
density. 
7.3.2 Elastic moduli under high-pressure high-temperature conditions 
KBr was used as pressure-transmitting medium for measurements at 1atm, 4.5(3) and 7.0(6) GPa. 
Longitudinal velocities of KBr start overlapping with olivine’s shear velocities at higher 
pressures; therefore, KCl was used as pressure medium for measurements at 9.5(6) GPa and 
12.8(8) GPa. Typical collection time for one Brillouin spectrum varied between 20minutes to 
several hours depending on sample surface quality. 
  We calculated the 1atm 1300 K full elasticity tensor using only measurements within 
(111) plane with density adopted from Issak (1992), who used olivine sample RAM with similar 
composition (~9.5mol% Fe).  A complete error analysis for calculating full elasticity tensor 
using measurements within (111) plane only has been described by Zha et al. (1998); in fact 
larger uncertainties were expected (Fig. 7.6, 7.7).  
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A full set of elastic moduli of olivine was derived iteratively at higher pressures using the 
procedure outlined by Sinogeikin and Bass (2000). A 3rd and 4th order finite strain equation of 
state was used to fit the obtained sound velocities and calculate the high-pressure density at 1300 
K [Davies and Dziewonski, 1975]. Zero pressure bulk and Shear modulus were fixed during the 
fitting, although as mentioned above, the uncertainties are relatively large in this study. Both 3rd 
and 4th order fit yield to a good fit to Vp, while 4th order fit for Vs is significantly better than 3rd 
order (Fig. 7.6 and Fig. 7.7). Therefore, the optimal result is the 4th order fit with fixed 
(∂2KS/∂P2)0=0. Obtained Pressure derivatives of bulk and shear modulus at 1300 K are: 
(∂Ks/∂P)0=3.9; (∂G/∂P)0=1.3 for 3rd order fit, and (∂Ks/∂P)0=3.7 (∂G/∂P)0=1.7 (∂2G/∂P2)0=-0.09 
for the 4th order fit. Single-crystal elasticity tensor at each pressure temperature conditions were 
then recalculated using the updated densities, aggregate properties were calculated through the 
Voight-Reuss-Hill averaging scheme [Hill, 1963]. Our obtained sound velocities are highly 
consistant with theoretical investigations using density functional theory (DFT) within the local 
density approximation (LDA) [Núñez‐Valdez et al. 2010, 2012], although their obtained ∂Ks/∂P and 
∂Ks/∂P slightly increase as temperature increase, which is different from what we observed here.  
Compared with previous single-crystal high-pressure elasticity measurements at ambient 
temperature (Table 7.3), Webb (1989), Zaug et al. (1993), and Abramson et al.(1997) used 
empirical polynomial least-squares fits as a function of pressure to describe the pressure 
dependence of the bulk and shear moduli. Only Zha et al. (1998), who also used Brillouin 
spectroscopy measuring sound velocities of olivine (up to 32 GPa at ambient temperature), used 
similar procedure to this study to calculate (∂Ks/∂P)0 (∂G/∂P)0 and (∂2G/∂P2)0. Our obtained 
values through finite strain equation of state agree with Zha et al. (1998) within uncertainty. 
Abramson et al.(1997) is an updated study of Zaug et al. (1993),who  measured the full elasticity 
tensor up to 12 GPa and C11 C13 C33 and C55 up to17 GPa. Differences between Zaug et al. (1993) 
and Abramson (1997) are negligible. Therefore, only results from Abramson et al. (1997) are 
used for comparison purposes here. We re-calculated ∂Ks/∂P ∂G/∂P and ∂2G/∂P2 using empirical 
polynomial least square fits to measured pressures, without fixing or weighting the bulk and 
shear modulus. At ambient pressure and 1300 K, we obtained ∂Ks/∂P=4.13, ∂G/∂P =1.83 and 
∂
2G/∂P2=-0.05, very similar to Ambranson et al. (1997), but still significantly smaller by over 
10% than what was obtained using the data of Webb (1989), who observed significant decrease 
of ∂Ks/∂P and ∂G/∂P at high pressure. However, the investigated pressure range of Webb (1989) 
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is limited to 3 GPa, far less than Ambranson et al. (1997), Zha et al. (1998) and this study.  
Therefore, Webb’s results might not fully represent the real changes in trend at higher pressures. 
Although a strong decrease of ∂Ks/∂P at higher pressures is not observed by Ambranson et al. 
(1997), Zha et al. (1998) and this study, a pronounced decrease of ∂G/∂P has been observed by 
all single-crystal studies. At pressures more than ~8 GPa, increase of Vs as a function of pressure 
is very limited, e.g. in Zha et al. (1998), and Vs is almost constant up to 14.1 GPa. Comparing 
with measurements at ambient temperature, our obtained (∂2G/∂P2)0 is even higher, suggesting 
high temperature enhances the softening of shear modulus (Fig. 7.7). 
Compared with the ambient-pressure high-temperature study on Fe-bearing olivine by 
Issak (1992) (Table 7.4), our obtained sound velocities are faster by up to 100m/s at 1atm and 
1300 K, which indicates the temperature could be lower than 1300 K by ~ 100-150 K. If we 
calculate the velocity isotherms at high-pressure based on Issak (1992) and Abramson et al. 
(1997), our obtained velocities are actually closer to the 1200 K isotherm than 1300 K isotherm 
(Fig. 7.7 and Fig. 7.8). Both pressure and temperature measurement error could exist in our 
experiment. Assuming temperature measurement is accurate, a universal shift of 1 GPa and 3 
GPa in pressure are needed to compensate the velocity difference for Vp and Vs, respectively. 
During laser heating, the thermal pressure could increase the actual pressure by as much~30% 
according to several previous reports [Andrault et al. 1998; Dewaele et al. 1998, 2000]. However, 
in order to match measured Vs with predicted isotherms at 4.5 GPa, pressure has to increase over 
75% during laser heating, which is too large to be accounted for by thermal pressure alone. On 
the other hand, none of the three samples which were laser heated at the highest pressure 12.8 
GPa has been transformed into wadsleyite (Fig. 7.1), suggesting the thermal pressure-induced 
pressure increase during laser heating in this study is not enough to cause the transition. That is, 
the lack of transformation from olivine to wadsleyite puts a limit on the thermal pressure 
experienced by the sample. Therefore, thermal pressure is unlikely to explain the velocity 
discrepancy. As mentioned in section 7.2, color temperature measurement uncertainty is about 
200 K. Considering the slight difference in temperature during the velocity measurements in 78 
directions, a temperature Overestimation of 100-150 K is acceptable, although not negligible. 
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7.4 Discussion 
7.4.1  Discrepancies between this study and previous high-pressure high-temperature 
studies 
The only high-pressure high-temperature studies of olivine in literature are all multi-anvil studies 
of polycrystalline olivine through ultrasonics [Li et al. 2004, Aizawa et al., 2001, Liu and Li, 
2006; Liu et al. 2005] (Table 7.1 and Table 7.5). Aizawa et al. 2001 is limited to only 1 GPa, 
therefore is not listed out in Table 7.5 for comparison. Systematically higher pressure derivatives 
of bulk and shear modulus were obtained from ultrasonic measurements using the multi-anvil 
press than this study at 1300 K and other single-crystal studies using the diamond anvil cell at 
ambient temperature.  For example, at 298 K, when both using a 3rd order finite strain equation 
of state, Zha et al (1998) measured ∂KS/∂P of ～3.8，whereas Liu et al.. (2005) obtained a value 
of ~4.61, differ by over 20%. 
Figures 7.6 and 7.7 show the sound velocities measured by Liu et al. (2005), also on San 
Carlos olivine, associated with the predicted velocity isotherms from single-crystal studies by 
Issak (1992) and Abramson et al. (1997). Measured sound velocities at 1300 K in this study are 
also shown in the same figure along with the best-matched 1200 K velocity isotherm. It is 
obvious that measurements by Liu et al. (2005) are far off the predicted dashed velocity 
isotherms, especially for Vp at all temperatures and Vs at temperatures equal to or higher than 
673 K. For example, at 873 K, Vp measured by Liu et al. (2005) at all pressures are 
systematically faster by ~125-150m/s (1.8%). Due to the much higher ∂Ks/∂P and ∂G/∂P 
obtained in the same study, the velocity difference is even larger when extrapolated to higher 
pressures, e.g. 13 GPa, about ~220m/s (2.5%) faster velocity of olivine is expected. As a result, 
the olivine content required to generate similar magnitude for 410 km discontinuity, estimated by 
Liu et al. (2005) is largely overestimated, and is closer to a typical “pyrolite” model rock. 
 Temperature in multi-anvil experiments is measured by thermocouple, the uncertainty of 
which is usually limited within 5-10 K. Such small temperature uncertainty is unlikely to cause 
the big velocity difference with other studies that is observed. Therefore, we considered the 
possibility of pressure error in Liu et al. (2005). Differential stress and shear stress inside of the 
sample chamber used for multi-anvil studies are in general much larger than in diamond anvil 
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cell sample chamber, even when a soft pressure medium is used. Therefore, the measured 
pressures might underestimate the real pressure inside the sample chamber. We calculated the 
pressure correction that needs to be applied to experimental data by Liu et al. (2005) in order to 
match the predicted velocity isotherms at 1073 K and 873 K (Fig. 7.8). Interestingly, the required 
correction pressure for the Vp and Vs in the same run are within 0.5 GPa difference for all the 
experimental data by Liu et al. (2005), as seen in Fig. 7.8 (top plot). In addition, there is a clear 
increasing trend of the pressure correction with increasing experimental pressure. The ratio 
between correction pressure and experimentally determined pressure is almost constant, about 
~20%, as seen in the bottom plot of Fig. 7.8. Both shear stress and differential stress increase 
with static stress, therefore nearly perfectly matching what was observed for the pressure 
correction.  This suggests that it is very likely that shear and differential stress are the main 
contributors to the pressure correction. Therefore, we speculate that the experimental data from 
Liu et al. (2005) is largely biased by a systematically underestimated pressure. This also 
explained their unusual large ∂KS/∂P and ∂G/∂P. 
 Additional evidence for under-estimation of pressure in multi-anvil studies comes from 
the phase transition discussed in Chapter 2-5. The determined phase transition pressure is ~13.5 
GPa for pure MgSiO3 orthoenstatite at ambient temperature. However, Kung et al. (2004) 
observed the same transition with much lower transition pressure ~9 GPa when using multi-anvil 
apparatus. Such big difference in transition pressure suggests the necessity of re-evaluating 
pressure measurement error in similar studies. 
7.4.2   Implications to upper mantle mineralogy 
Using the experimental data obtained in this study, we calculated the sound velocities of olivine 
along prescribed mantle adiabats [Katsura et al. 2010] or geotherms [Brown and Shankland, 
1981, McKenzie et al. 2005; Stein and Stein, 1992; Stixrude and Lithgow-Bertelloni, 2005], and 
then compared with 1D seismic models (e.g. AK135) [Kennett, 1995]. The geotherms and 
adiabats used for calculation are shown in Fig. 7.9. Geotherm #1 is after Brown and Shankland 
(1981), which is likely to represent the lower temperature limit and geothermal gradient high 
limit. Geotherm #2 is modified after Mckenzie et al. (2005), and is for a steady state continent 
which finally follows the 1315 ºC adiabat (1315 ºC at 1 atm) at depths greater than ~170km. 
Geotherm #3 is a representative oceanic geotherm after Stein and Stein (1992) and geotherm #4 
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is obtained from Stixrude and Lithgow-Bertelloni (2005), which is a calculated geotherm under 
100Ma old oceanic crust. 
 Firstly, we calculate sound velocities of olivine along 1400ºC adiabat and compare with 
previously calculated olivine velocity profiles also along 1400ºC adiabat by Zaug et al. (1993), 
as shown in Fig. 7.10. The velocities obtained in this study are significantly lower than velocities 
calculated by Zaug et al. (1993) based on the ambient.-temperature high-pressure experimental 
data presented in the same study. As mentioned in section 7.3.2, Abramson et al. (1997) is an 
updated study of Zaug et al.(1993); the reported results are in almost perfect agreement with each 
other. We performed another calculation using Abramson et al. (1997) with Issak (1992) to 
account for both temperature and pressure effects. Surprisingly, it agreed with our calculated 
velocity curves very well. The velocity decrease caused by 1377 K temperature increase in Zaug 
et al. (1993) is only 55% (for Vp) and 77% (for Vs) of what is predicted by Issak (1992). The 
calculated velocity gradient of olivine in the upper mantle along a 1400ºC adiabat is much lower 
than the seismically observed gradient, suggesting a much larger contribution from non-olivine 
components to seismic profile than previously thought. Among the widely accepted upper mantle 
mineral candidates, garnet has very high absolute sound velocities, and the pyroxenes, including 
both orthoenstatite and clinopyroxene (diopside-jadite solid solution), have very high ∂Ks/∂P and 
∂G/∂P [Sang et al. 2014; Zhang and Bass, in prep.]. Orthoenstatite in particular, is a mineral that 
could produce the highest velocity gradient in the mantle. As described in Chapter 5, for 
orthoenstatite, ∂Ks/∂P is ~8.8 and ∂G/∂P is ~2.9, both are more than twice the values of olivine. 
Aside from that, various gradual phase transitions within the upper mantle, including basalt-
eclogite transition, pyroxene-garnet solid solution transition can also increase velocity gradient in 
the relevant depth ranges. In olivine system, there is no phase transition within the uppermost 
400 km. Therefore, in either case the whole upper mantle should be composed of much less 
olivine and balanced with an additional amount of two pyroxenes. 
 Secondly, we calculated sound velocities of olivine along 4 different geotherms. The 
calculated result is shown in Fig. 7.11 and 7.12.  
Within top 250 km in the upper mantle, all geotherms yield to a low velocity zone (LVZ) 
at ~100-200km depth for both Vp and Vs, which is related to the transition from a conductive to 
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an adiabat geotherm at similar depth range. Different velocity profiles can be obtained using 
different thermal boundary models, but are all in agreement with the seismic 1D model AK135 
reasonably well. The slightly higher Vs of olivine could be compensated by the upper mantle 
pyroxenes with slower velocities at shallower depth (Fig. 7.11). Therefore, we expected an 
olivine dominated upper mantle to ~250 km depth globally. Comparing with regional oceanic 
seismic 1D models PA 5 and PAC 06, the calculated Vp profile along the two oceanic geotherms 
(Geotherm #3 and #4) perfectly reproduced the observed LVZ up to ~ 200 km depth (Fig. 7.12 
(a)), whereas the calculated magnitude of Vs for LVZ under oceanic geotherms are too small to 
explain the seismic observations (Fig. 7.12 (b)). Our result suggests minor compositional 
variations in olivine, or anormalous high-temperature beheavior of other upper mantle minerals 
(e.g. orthoenstatite) are needed to explain the strongly decreased Vs in the oceanic LVZ [e.g. 
Reynard et al. 2010]. 
However, at depth greater than ~250km, calculated Vp and Vs of olivine along all 
geotherms are much slower than AK135, therefore olivine becomes a slow mineral phase instead 
of fast phase in the deeper upper mantle – completely different from what is commonly thought 
before. In addition, the velocity gradients of pure olivine are also much smaller than AK135, 
suggesting a significant contribution from other mineral species at depth >250km. The 
continuous gradual phase transition within the upper mantle is one candidate to increase the 
velocities in the bottom of the upper mantle, and the other one is jadite-rich clinopyroxene. Pure 
end-member jadite has Vp and Vs about 400m/s and 200m/s faster than olivine under ambient 
conditions, and as an end member clinopyroxene, its pressure derivatives of sound velocities are 
likely higher than olivine (e.g. for diopside, another end member of clinopyroxene, ∂Ks/∂P is 
4.8±0.2, and ∂G/∂P is 1.7±0.1) [Kandelin and Weidner, 1988; Bhagat et al. 1992; Sang et al. 
2014]. The slow olivine velocities at 410 km, will also introduce an even larger velocity jump. 
For example, compared with Liu et al. (2005), calculated Vp and Vs of olivine at 410km 
discontinuity in this study is 3.5% and 2.2% lower. Assuming that previous measurements of 
wadsleyite using the multi-anvil apparatus do not suffer from pressure errors identical to Liu et al. 
(2009), then the calculated velocity jump would be 8.4-9.9% for Vp and 9.5-11.2% for Vs and 
assuming a regular dry pyrolite mantle with 55-65% olivine, which is almost 2.5 times more than 
seismically determined magnitude of 410km discontinuity (3.7% for Vp and 4.3% for Vs in 
AK135). The Vp and Vs jump calculated here are higher than the predicted theorectical values of 
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about 9% and 11% for pure olivine [Núñez‐Valdez et al. 2012]. This is mainly due to the 
predicted increase of ∂Ks/∂P and ∂G/∂P as a function of temperature in the same study. It is 
worth noticing, their predicted velocity gradient at 300 K does match our obtained value at 1300 
K, suggesting the necessity of further investigations to the cross pressure and temperature 
derivatives of elastic properties. As a result, the predicted velocity jumps of both Vp and Vs in 
this study yield an olivine content of only about 24-25% of at 410km discontinuity, this less than 
half than expected from the pyrolite model. Even considering the extreme low velocity bound of 
a hydrous wadsleyite with close to the saturation limit in water content (e.g. 1.93 wt%) [Mao et 
al. 2011, 2010], and ignoring the decreased hydrogen effect for softening elastic properties at 
high pressure [Wang et al. 2008], the highest possible olivine content within the upper mantle is 
no more than 43%. Note that the discussion above is based on a simple assumption that the 
velocity contribution to aggregate rock properties is linearly proportional to the volume 
percentage of a mineral with in the rock. Aside from that, without reproduceable and coherent 
sound velocity measurements of wadsleyite at relevant pressure-temperature conditions from 
different studies, it is hard for us to make any definitive estimation of the amount of olivine at 
410 km.  
Probably the most important discovery here is the negative to zero velocity gradients of 
Vs at depths greater than ~300km for olivine. Larger temperature gradient of a geotherm results 
in a shallower transition depth from a positive Vs gradient to a negative gradient. For example, 
Vs along geotherm #2-4 does not show a negative gradient – only flatterned when getting close 
to the 410 km discontinuity, whereas Vs along geotherm #1 shows a clear negative gradient at 
~350km. The physical explanation for a possible low velocity zone on top of 410km has been a 
puzzle for years [e.g. Song et al. 2004; Tauzin et al. 2010]. A partial melt layer on top of 410km 
is the most popular hypothesis [e.g. Karato et al. 2006]. However, in this case, in order to explain 
such a LVZ with velocity drop of 3-5%, we only need local enrichment of olivine to about 50% 
with respect with the ambient olivine-poor mantle, which as calculated above, should be 24-25%.  
 Another implication of this study is for testing the metastable olivine hypothesis for 
generating deep earthquakes [e.g. Burnley et al. 1991]. As shown in Fig 7.10, 7.11 and 7.12, we 
could see that Vs continues to decrease even after 410km. Therefore the velocity contrast 
between the metastable olive wedge and transformed wadsleyite should be even larger than at the 
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410km-discontinuity. Reflections or Ss precursors should be observed if there are any seismic 
rays passing through it. We are looking forward to hearing news about further search for such 
seismic signals in subduction zones. 
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Figures 
Figure 7.1 San Carlos olivine samples before and after laser-heating experiment: (a) Plane 
normal (100); (b) Plane normal (010); (c) Plane normal (111) 
  
    
    
  
(a) Before laser heated  
 
    
    
          
 
 
 
 
 
     After laser heated at 4.5(3) GPa  
 
 
 
 
 
 
 
 
     After laser heated at 7.0(6) GPa  
 
 
 
 
 
 
 
 
 
     After laser heated at 9.5(6) GPa 
    and then 12.8(8) GPa 
200 µm 
70 µm 
40 µm 
40 µm 
189 
 
Figure 7.1 (Cont.) 
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Figure 7.1 (Cont.) 
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Figure 7.2 Typical Brillouin spectrum under ambient condition. Plane normal close to (111) 
direction. Collection time is ~12 minutes. 
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Figure 7.3 B1-B2 Phase transition of KCl inside of diamond anvil cell. Sample is olivine (100) 
plane.Pressure increased from (a) cell just closed - (b) transition started - (c) & (d) transition in 
process - (e) transition finished; Comparing (a) and (e), olivine’s relief was lower within KCl 
after the transition, suggesting refractive index of KCl increased after the B1-B2 transtion. 
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Figure 7.4 Typical Brillouin spectrum under laser heating. Sample plane normal close to (100) 
direction. Collection time 39 minutes. 
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Figure 7.5 Calculated sound velocity curve based on inverted Cij model at ambient conditions. 
Diamonds are the measured sound velocities. Velocity errors are within symbols. The final 
results yield an RMS residual (difference between the observed and model velocities) of less 
than 0.04km/s. 
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Figure 7.6 Vp as a function of pressure at high-pressure high-temperature conditions for Fe-
bearing olivine. All isotherms were calculated based on measurements on olivine sample RAM 
with composition Fo90.3Fs9.5(MnSiO4)0.2 by Issak (1992), and San Carlos olivine by Abramson et 
al. (1997). Solid blue, dark yellow, magenta, orange and red lines are isotherms at 300 K 600 K 
900 K 1200 K and 1400 K, and original measured velocities at ambient pressure by Issak (1992) 
are squares with dark cyan, dark yellow, magenta, orange and red fill color accordingly. Dashed 
dark cyan, dark yellow, magenta, orange lines are isotherms at 473 K, 673 K, 873 K and 1073 K. 
Measurements by Liu et al. (2005) at ambient temperature, 473 K, 673 K, 873 K and 1073 K are 
grey squares with blue, dark cyan, dark yellow, magenta and orange edge. Measurements by Zha 
et al. (1992), Abramson et al. (1992) are cyan and blue squares with black edge. Measurements 
in this study are yellow squares with black edge, and the 3rd/4th order finite strain equation of 
state is shown with yellow/grey solid lines, respectively. 
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Figure 7.7 Vs as a function of pressure at high-pressure high-temperature conditions. All 
isotherms were calculated based on measurements on olivine sample RAM with composition 
Fo90.3Fs9.5(MnSiO4)0.2 by Issak (1992), and San Carlos olivine by Abramson et al. (1997). Solid 
blue, dark yellow, magenta, orange and red lines are isotherms at 300 K 600 K 900 K 1200 K 
and 1400 K, and original measured velocities at ambient pressure by Issak (1992) are circles with 
dark cyan, dark yellow, magenta, orange and red fill color accordingly. Dashed dark cyan, dark 
yellow, magenta, orange lines are isotherms at 473 K, 673 K, 873 K and 1073 K. Measurements 
by Liu et al. (2005) at ambient temperature, 473 K, 673 K, 873 K and 1073 K are grey circles 
with blue, dark cyan, dark yellow, magenta and orange edge. Measurements by Zha et al. (1998), 
Abramson et al. (1997) are cyan and blue circles with black edge. Measurements in this study at 
1300 K are yellow circles with black edge, and the 3rd/4th order finite strain equation of state is 
shown with yellow/grey solid lines, respectively. 
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Figure 7.8 Error analysis of Liu et al. 2005 from underestimation of pressure at 873 K and 1024 
K. A systematic correction of pressure could be made to correct the measurements by Liu et al. 
2005 matching isotherms predicted by Issak (1992) and Abramson et al. (1997).  
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Figure 7.9 Typical geotherms and mantle adiabats after Katsura et al. (2010), Brown and 
Shankland (1981) and Mckenzie et al. (2005), Stein and Stein (1992), Stixrude and Lithgow-
Bertelloni (2005). 
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Figure 7.10 Calculated Vp and Vs along 1400ºC adiabat based on different data set with 
comparison of seismic 1D model AK135. Abramson et al. (1997) is an updated version of Zaug 
et al. (1993), are measurements at ambient-temperature high-pressure conditions. Zaug et al. 
(1993) calculated the temperature-derivative of Vp and Vs, which are over 40% and 20% lower 
than experimentally determined by Issak (1992), therefore result in a very different velocity – 
depth profile than calculated after Abramson et al. (1997) and Issak (1992). Blue and red dotted 
lines are our estimation of Vp and Vs error of 0.08km/s and 0.04km/s, respectively. 
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Figure 7.11 Calculated sound velocities of olivine along geotherm #1, #2, #3 and #4 in Fig. 7.9 
with comparison of seismic 1D model AK135: (a) Vp, (b) Vs 
(a) 
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Figure 7.11 (cont.) 
(b) 
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Figure 7.12 Calculated sound velocities of olivine along geotherm #3 and #4 in Fig. 7.9 with 
comparison of calculations in Stixrude and Lithgow-Bertelloni (2005), seismic 1D model PAC 
06 and PA 5: (a) Vp, (b) Vs. 
(a) 
 
203 
 
Figure 7.12 (cont.) 
(b) 
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Tables 
Table 7.1 Previous elasticity measurements, including equation of state studies of olivine 
Composition Condition (Gpa, K) KS0 VRH (Gpa) G0 VRH (Gpa) Vp (km/s) Vs (km/s) Cijs Reference 
Fo90 Fs10 8Gpa, 1073 K 130.3±0.4 77.4±0.2 8.359±0.046 4.812±0.024 - Liu et al., 2005# 
Fo91.6 Fs8.4 8Gpa, 1073 K 129.0% - - - - Liu and Li,2006& 
Fo100 7.5Gpa, 1273 K 125±5 81±1 8.50±0.05 5.01±0.02 - Li et al.,2004# 
Fo91.6 Fs8.4 1Gpa, 1273 K - - 8.43 - - Aizawa et al., 2001# 
Fo100 7Gpa, 1300 K 127.4% fixed 4.8% fixed - - - Guyot et al., 1996& 
Fo90.2 Fs9.8 7Gpa, 1300 K Data quality not good enough for analysis Guyot et al., 1996& 
Fo90 Fs10 32Gpa, Ambient T 131.1±1.9 79.4±0.8 8.42±0.09 4.87±0.05 YES Zha et al., 1998$ 
Fo100 17.2Gpa, Ambient T 125±2% - - - - Downs et al., 1996 & 
Fo90 Fs10 17Gpa, Ambient T 129.4±0.5! 78.0±0.3! 8.34±0.04! 4.82±0.02! YES Abramson et al., 1997* 
Fo90 Fs10 12.5Gpa, Ambient T 129.0±0.6! 77.6±0.4! 8.33±0.04! 4.82±0.02! YES Zaug et al., 1993* 
Fs99.4 (MnSiO40.06) 12Gpa, Ambient T 136.3±0.2 51.2±0.2 6.83 3.42 YES Speziale et al., 2004$ 
Fo90.6 Fs9.4 7Gpa, Ambient T 127.1±0.6 77.5±0.3 8.31±0.04 4.81±0.02 - Darling et al., 2004# 
Fo90.6 Fs9.4 3Gpa, Ambient T 128.9! 81.1! 8.42! 4.92! YES Webb et al., 1989# 
Fs100 500 K, Ambient P 135.8±1.3 50.9±0.3 6.82±0.03 3.41±0.01 YES Isaak et al., 1994# 
Fo92.1Fs7.7 (MnSiO40.2) 1400 K, Ambient P 131.0±0.5 78.8±0.3 8.42±0.01 4.86±0.01 YES Isaak, 1992# 
Fo90.3Fs9.5 (MnSiO40.2) 1500 K, Ambient P 129.4±0.4 78.0±0.3 8.34±0.01 4.82±0.01 YES Isaak, 1992# 
Fo100 1700 K, Ambient P 128.8±0.5 81.8±0.2 8.592±0.026 5.038±0.015 YES Isaak et al., 1989# 
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Table 7.1 (cont.)        
Fo100 1200 K, Ambient P 132.97±0.07 83.79±0.03 8.580 5.023 YES Suzuki et al., 1983 @ 
Fo97 Fs03 Hydrous 34Gpa, Ambient T 119.4±1.5% - - - - Manghnani et al., 2008 & 
Fo100 (H2O 0.89wt%) Ambient PT 125.4±0.2 79.6±0.1 8.53±0.01 5.00±0.01 YES Jacobsen et al., 2009$ 
Fo97Fs3 (H2O 0.80wt%) Ambient PT 125.2±0.4 77.7±0.3 8.40±0.01 4.90±0.01 YES Jacobsen et al., 2009$ 
Fo92Fs8 (H2O 0.6wt%) 14.2Gpa, Ambient T 128.6±1.1 79.0±0.3 8.43±0.05 4.90±0.01 Yes Wang et al., 2008$ 
Fo100 (H2O 0.89wt%) 14.1GPa Ambient T 125.4±0.2 79.6±0.1 8.53±0.01 5.00±0.01 YES Mao et al., 2010$ 
#
 Ultrasonics        
 
$Brillouin scattering      
&X-Ray compression      
*Impulsive Stimulated Scattering       
@Rectangular Parallelepiped Resonance methods 
! Hashin and Shtrikman averaging scheme [Hashin, Z. and Shtrikman 1962] 
% Isothermal bulk modulus
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Table 7.2 Single-crystal elastic Moduli for Fe-bearing olivine under ambient conditions 
 This study Issak 1992 Webb 1989 
Abramson et 
al. 1997 
Composition Fo90.5 Fo92.1 Fo90.3 Fo90.5 Fo90 
Density (g/cm3) 3.341 3.330 3.353 3.325-3.369 3.355 
Method Brillouin Ultrasonic Ultrasonic Ultrasonic ISS 
C11 (GPa) 319.2±0.6 325.47±0.54 320.71±0.40 320.2±0.4 320.5±1.1 
C22 (GPa) 195.5±0.7 199.06±0.45 197.25±0.26 195.9±0.3 196.5±1.0 
C33 (GPa) 232.7±0.4 237.01±0.48 234.32±0.47 233.8±0.3 233.5±0.7 
C44 (GPa) 62.6±0.3 64.59±0.05 63.77±0.05 63.5±0.2 64.0±1.0 
C55 (GPa) 77.5±0.2 68.42±0.08 77.67±0.11 76.9±0.2 77.0±0.6 
C66 (GPa) 75.2±0.5 79.07±0.07 78.36±0.08 78.1±0.1 78.7±0.7 
C12 (GPa) 71.0±0.7 70.77±0.52 69.84±0.24 67.9±0.3 68.1±0.5 
C13 (GPa) 71.0±0.5 72.86±0.57 71.22±0.37 70.5±0.3 71.6±1.0 
C23 (GPa) 74.9±0.5 75.84±0.48 74.8±0.31 78.5±0.4 76.8±1.2 
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Table 7.3 Pressure dependence of elastic moduli of Fe-bearing olivine 
 
This study# Webb 1993 Abramson 
et al. 1997 Zha et al. 1998* 
Temperature (K) 1300K 298K 298K 298K 
Composition Fo90.5 Fo90.5-Fo90.8 
  
Ambient-pressure 
Density (g/cc) 3.239 3.325-3.368 3.355 3.343 
∂C11/∂P 6.82±0.78 7.98±0.06 6.54 6.07±0.50 
∂C22/∂P 4.43±0.93 5.32±0.04 5.38 5.84±0.43 
∂C33/∂P 5.11±0.27 6.00±0.04 5.51 5.09±0.68 
∂C44/∂P 3.09±0.65 2.65±0.34 1.67 1.69±0.08 
∂C55/∂P 2.16±0.78 1.8±0.35 1.74 1.75±0.11 
∂C66/∂P 1.14±0.30 2.46±0.16 1.93 2.31±0.09 
∂C12/∂P 4.40±0.51 4.07±0.04 3.86 4.24±0.39 
∂C13/∂P 3.98±0.40 4.55±0.04 3.57 3.36±0.11 
∂C23/∂P 3.51±0.13 3.11±0.70 3.37 3.21±0.05 
(∂KS/∂P)0 3.7$ 3.9@ 4.13±0.28+ 4.66+& 4.63+% 4.29+! 3.8±0.2$ 4.2±0.6@ 
(∂G/∂P)0 1.7$ 1.3@ 1.83±0.09+ 1.93+& 1.96+% 1.71+! 1.0±0.1$ 1.6±0.2@ 
∂2C11/∂P2 (GPa-1) 
 
-0.24±0.04 
 
-0.039±0.019 
∂2C22/∂P2 (GPa-1) 
 
-0.11±0.03 
 
-0.075±0.017 
∂2C33/∂P2 (GPa-1) 
 
-0.26±0.04 
 
-0.020±0.026 
∂2C44/∂P2 (GPa-1) -0.120±0.037 -0.14±0.2 
 
-0.028±0.003 
∂2C55/∂P2 (GPa-1) -0.067±0.070 -0.12±0.22 -0.07 -0.027±0.004 
∂2C66/∂P2 (GPa-1) 
 
-0.18±0.1 
 
-0.029±0.003 
∂2C12/∂P2 (GPa-1) 
 
-0.12±0.04 
 
-0.043±0.015 
∂2C13/∂P2 (GPa-1) 
 
-0.05±0.04 
 
 
∂2C23/∂P2 (GPa-1) 
 
-0.16±0.44 
 
 
(∂2KS/∂P2)0(GPa-1) 
 
  
-0.15+& -0.15+% 
 
-0.074±0.066$ 
 
(∂2G/∂P2)0 (GPa-1) -0.09$  -0.05±0.006+ -0.11+& -0.11+% -0.027+! -0.067±0.021$  
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Table 7.3 (cont.) 
#Ambient measurement was done with only directions within (111) plane, therefore uncertainty is much larger than measurements at other pressures. Elastic 
properties at ambient pressure were not fixed or weighted during the polynomial fitting process, but were fixed during when fitted to finite strain equation of state. 
For 4th order finite strain equation of state fit, (∂2KS/∂P2)0 was fixed to 0. 
*Zha et al. (1998) did not measure single crystal elastic properties under ambient conditions; listed numbers comes from a least squre fit to the original data with 
ambient-pressure data from Webb 1993. Note, the presented C55 data in the original weighted fitting yield to C55=77.7(2.2)+1.65(0.31)P-0.0025(0.009)P2,other 
Cij’s fitting parameters are not presented in the original paper. 
+polynormial least square fit 
$4th order finite strain equation of state 
@3rd order finite strain equation of state 
&Hashin-Shtrikman least-upper bound 
%Hashin-Shtrikman greatest-lower bound 
!Hashin-Shtrikman average scheme 
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Table 7.4 Temperature dependence of single crystal elastic moduli of Fe-bearing olivine 
 
This study# Issak 1992 
Composition Fo90.5 Fo90.3 Fo92.1 
Pressure (GPa) 0.0 4.5±0.3 9.5±0.6 7±0.6 12.8±0.8 0.0 
Ambient-temperature 
Density (g/cc) 3.341 3.453 3.581 3.526 3.649 3.353 3.330 
∂C11/∂T (GPa/102K) -5.06±1.06 -4.64±0.19 -4.05±0.21 -5.37±0.20 -4.73±0.20 -4.02 -3.88 
∂C22/∂T (GPa/102K) -2.14±0.93 -3.28±0.19 -2.93±0.19 -2.12±0.20 -3.71±0.19 -3.1 -2.99 
∂C33/∂T (GPa/102K) -3.21±1.04 -3.63±0.17 -3.66±0.17 -3.94±0.17 -4.08±0.17 -3.53 -3.39 
∂C44/∂T (GPa/102K) -0.87±0.41 -0.88±0.12 -1.03±0.13 -0.78±0.13 -1.40±0.12 -1.26 -1.27 
∂C55/∂T (GPa/102K) -1.09±0.50 -1.11±0.09 -0.37±0.11 -1.00±0.11 -0.73±0.10 -1.3 -1.36 
∂C66/∂T (GPa/102K) -0.97±0.47 -1.13±0.14 -2.16±0.22 -1.29±0.16 -1.69±0.17 -1.56 -1.57 
∂C12/∂T (GPa/102K) -0.37±0.71 -1.90±0.29 -1.41±0.31 -1.03±0.30 -1.18±0.28 -1.14 -1.04 
∂C13/∂T (GPa/102K) -0.76±0.73 -1.26±0.19 -0.83±0.20 -1.55±0.21 -1.05±0.20 -0.96 -0.87 
∂C23/∂T (GPa/102K) -0.95±0.63 -1.25±0.40 -1.25±0.40 -1.07±0.40 -1.09±0.39 -0.72 -0.57 
∂KS/∂T (GPa/102K) -1.56±0.60 -2.29±0.51 -2.00±0.61 -2.04±0.57 -2.18±0.73 -1.80  -1.69 
∂G/∂T (GPa/102K) -2.29±0.51 -1.17±0.36 -1.26±0.42 -1.18±0.45 -1.41±0.53 -1.36 -1.38 
#Ambient-temperature high-pressure data were calculated using ∂Cij/∂P ∂K/∂P ∂G/∂P ∂ ∂2Cij/∂P2 and 2G/∂P2 from Abramson et al. (1997), uncertainties of the 
calculated temperature dependence of the listed Cijs were estimated from measurement error in this study and in Abramson et al. (1997).
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Table 7.5 Aggregate elastic properties of olivine under simultaneously high-pressure high-
temperature conditions  
Pressure This study Li et al. 2004 Liu and Li. 2005# Liu and Li. 2006# 
Composition Fo90.5 Fo100 Fo90 Fo90 
Method Brillouin Ultrasonic Ultrasonic X-Ray diffraction 
Ambient Density 3.341 3.228 3.342 3.342 
KS (GPa) 129.1±2.3 125±5 130.3±0.4 129.0# 
G (GPa) 76.9±1.6 81±1 77.4±0.2 
 
(∂KS/∂T)P (GPa/102K) -2.0@ -1.4±1 1.64±0.05 -1.9±0.2# 
(∂G/∂T)P(GPa/102K) -1.2@ -1.7±1 1.30±0.03 
 
(∂KS/∂P)T 3.7* 3.9$ 4.61# 4.61±0.11$ 4.61# 
(∂G/∂P)T 1.7* 1.3$  1.61±0.04$  
(∂2KS/∂P2)T 0*     
(∂2G/∂P2)T -0.09*    
 
#Numbers listed out here are isothermal bulk modulus and its related pressure temperature derivatives. 
Bulk modulus and its pressure derivative were fixed during the fitting process; temperature derivative was 
reduced using high-temperature Birch-Murnaghan equation of state. 
@Ambient-temperature high-pressure data were calculated using ∂K/∂P ∂G/∂P and ∂2G/∂P2 from Abramson et al. 
(1997), numbers presented here are averaged over 5 difference pressures 
*4th order equation of state fit with K’ fixed to zero 
$3rd order equation of state  
 
 
